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PARTICLES AND FIELDS NEAR JUPITER 

by James W .  Warwick 

ABSTRACT 

Ground-based o b s e r v a t i o n s   o f   r a d i o   e m i s s i o n s   i n   t h e   h i g h -  

f requency  and  ul t ra-high-frequency  ranges  provide  the  only  current   data  

on p a r t i c l e s   a n d   f i e l d s   n e a r   J u p i t e r .   T h e i r   i n t e r p r e t a t i o n  is l a r g e l y  

phenomenologica l   bu t   none- the- less   def in i t ive   o f   major   fea tures   o f  

J u p i t e r ' s   s p a t i a l   e n v i r o n m e n t .  

J u p i t e r ' s   m a g n e t i c   f i e l d   a p p e a r s   t o   b e   d i p o l a r ,   w i t h  a 

moment o f   va lue  4. 2x1030 c .  g .s . , d i r e c t e d  a t  70 7 t o   t h e   r o t a t i o n   a x i s .  

The zenograph ic   no r th   po le   o f   t he   magne t i c   f i e ld  l i e s  i n  or p a r a l l e l s  

t h e  central  mer id ian   longi tude   p lane  AIII( 1957 .0 )  = 193O ( i n   1 9 6 3 ;   i n  

1968  the   va lue  i s  2 0 2 O ) .  This   po le  is  probably  north  seeking.   There 

i s  e v i d e n c e   f o r  a small quadrupole moment, about  0 .06  RJ i n   u n i t s  of t h e  

d ipo le  moment. T h e r e  is a l s o   e v i d e n c e   f o r   s t r o n g   n o r t h - s o u t h   a n d   a l s o  

lesser east-west d isp lacements   o f   the   d ipole  away from t h e  mass c e n t r o i d  

o f   t h e   p l a n e t .  

On t h e   b a s i s   o f   t h e s e   c o n c l u s i o n s  on f i e l d   s t r e n g t h   t a k e n  

f rom  obse rved   de t a i l s   o f   t he  UHF f l u x ,  .de can  today  accurately estimate 

r e l a t i v i s t i c   e l e c t r o n   f l u x e s   n e a r   J u p i t e r .   T y p i c a l   e n e r g i e s   a r e  1 0  M e V ,  

and   represent  a range  from  about 3 t o  30 M e V .  

Lower ene rgy   e l ec t rons  are much more d i f f i c u l t   t o  estimate 

and   i n fe rences   even   o f   t he i r  mere p resence   depend   en t i r e ly  on i n t e r p r e -  

ta t ions   o f   the   h igh- f requency   emiss ions .   Pro ton   f luxes  are v i r t u a l l y  

unknown on t h e   b a s i s   o f   c u r r e n t   o b s e r v a t i o n a l   d a t a .  On t h e   o t h e r   h a n d ,  

s e n s i t i v e   u p p e r  limits t o   t h e   t h e r m a l   p l a s m a   d e n s i t y   t h r o u g h o u t   J u p i t e r ' s  

magnetosphere  have  been  es tabl ished  empir ical ly .  

Throughout , the   emphasis  i s  on e l?mentary   phys ica l   p r in-  

c i p l e s  , r a t h e r  thar!  de t a i l s   o f   fo rmulas ,   and  on pr,obable u n c w t a i n t i e s  

i n   t h e   r e s u l t s .  



1. STATIC MAGNETIC FIELD 

1.1 Estimates of Jupiter's   magnetic moment 

1. 2.1 Moroz ( 1 9 6 8 )   s u g g e s t s   t h a t   t h e   r a t i o  of t h e   a n g u l a r  momenta 

of two p l a n e t s   e q u a l s   t h e   r a t i o  of t h e i r   m a g n e t i c   d i p o l e  moments. For 

J u p i t e r ,  (see Appendix) as w e  s h a l l   s h o r t l y  see, t h i s  estimate is ve ry   nea r ly  

e q u a l   t o  a b e s t  estimate on o t h e r   b a s e s .  The angu la r  momentum o f   J u p i t e r  

i s  no t   obse rved   d i r ec t ly ,   bu t   depends  on t h e   d i s t r i b u t i o n  of mass and  angular  

v e l o c i t y   w i t h i n   t h e   p l a n e t .  From A l l e n ' s   t a b l e s   ( 1 9 6 3 ) ,  w e  l e a r n   t h a t   t h e  

moment of i n e r t i a   o f   J u p i t e r ,  CJ = 0.241 MJRJ ( e q u a t o r i a l ) ;   t h e   a n g u l a r  

v e l o c i t y  , R J ,  o f   J u p i t e r ' s   r a d i o   s o u r c e s   c o r r e s p o n d s   t o  a per iod   of   about  

9 55 , i . e . ,  0.413  days. M = mass of J u p i t e r ;  R = i ts  r a d i u s ,   s u b s c r i p t  

E refers t o   t h e   e a r t h .   S e t t i n g   t h e   a n g u l a r  momentum o f   J u p i t e r ,  LJ = CJRJ 

w e  . f i nd  

2 

h m  
J J 

LJ = LE 0.3335 0m241 x 317.8 x ( 1 1 . 1 9 ) 2  + 0.413 

4 = 7.25 x 10 LE 

where  0.3335 = C E / M E S  , 317.8 = M /M and  11.19 = R / . S i n c e   t h e   e a r t h ' s  

magnet ic   d ipole  moment i s  M = 8.07x10?5  gauss cm ,. w e  estimate , a long   wi th  

Moroz, t h a t   J u p i t e r ' s   m a g n e t i c   d i p o l e  moment is  M = 5.86~10 gauss  cm . 

2 
J E '  3 J %  ~ 

E 30 3 
J 

A p h y s i c a l   b a s i s   f o r   t h i s   e s t i m a t e  i s ,  of c o u r s e ,   s i m i l a r i t y  

of t e r res t r ia l  a n d   J o v i a n   i n t e r n a l   c o n d u c t i v i t y ,   f l u i d   m o t i o n ,   a n d   p e r h a p s  

i n i t i a l   c o n d i t i o n  of magnetism a t  t h e  time of t h e   f o r m a t i o n   o f   t h e   s o l a r  

s y s t e m .   I n   p a r t i c u l a r ,  i f  w e  suppose   t ha t   magne t i c -ac t ive   pa r t s   o f   t he  two 

p lane ts   occupy  the  same f r a c t i o n  of t h e   t o t a l  volume of  each,  and i f  t h e  

volume  and s i z e   o f   t h e   i n d i v i d u a l   r o t o r s   o f   e a c h  dynamo are t h e  same, and i f  

t h e   a n g u l a r   v e l o c i t i e s   o f   t h e   r o t o r s   v a r y   a s . t h e   a n g u l a r   v e l o c i t y   o f   t h e  

s u r f a c e   o f   e a c h   p l a n e t ,   t h e n  we migh t   p red ic t  Moroz' r e s u l t .  But dynamo 

theory   remains   an   ex t remely   d i f f icu l t   subjec t   today   and  we have  no great 

c o n f i d e n c e   i n  i t s  a b i l i t y   t o   p r o d u c e   d e d u c t i v e   t h e o r i e s   o f   m a g n e t i s m   i n  

r o t a t i n g   b o d i e s  (see Gibson  and  Roberts,  1968). 

2 



Smal l   addi t iona l   comfor t  may be  der ived  f rom this technique 

of e s t i m a t i o n  on the b a s i s   o f  i ts r e s u l t s  for  t h e   s u n .  The g e n e r a l   f i e l d  

of  t h e   s u n  is of t h e   o r d e r  of one  gauss.  From i ts  angu la r  momentum, 

Ls = 1 . 7 ~ 1 0  c.g.s. compared w i t h  L = 5 . 8 6 ~ 1 0  c.g.s.,  w e  d e r i v e  

MS = ( 1 . 7 ~ 1 0   / 5 . 8 6 ~ 1 0 ~ ~ ~ x 8 . 0 7 ~ 1 0 ~ ~  gauss cm = 2 . 3 4 ~ 1 0   c . g . s .  The cor- 

responding surface f i e l d   2 . 3 4 ~ 1 0  33 3 /Rs = 6.7  gauss,   comparable t o  

observed   va lues .   In  fact  i f ,  u n l i k e   t h e  case for t h e   e a r t h ,   o n l y  non- 

c e n t r a l   r e g i o n s   o f   t h e   s u n  are i n v o l v e d   i n   t h e   f i e l d - s u s t a i n i n g   p r o c e s s e s ,  

t h i s  estimate m i g h t   b e   t h e o r e t i c a l l y  as well  as o b s e r v a t i o n a l l y   t o c   l a r g e .  

However, t h i s  estimate may break down b a d l y   i n   t h e   c o n t e x t   o f   o t h e r  stars. 

48 40 

48 E 3 33 

1.2.2 A range of va lues   o f   the   magnet ic  moment can   be   der ived  

from certair: aspec ts   o f   dec imet r ic   rad ia t ion   f rom  synchro t ron   emiss ion   f rom 

t h e   t r a p p e d   r a d i a t i o n   b e l t s   o f   J u p i t e r   ( a t  2.5 RJ from i t s  c e n t e r ,  which i s  

a rough   cen t ro id   d i s t ance   fo r   t he   emis s ion  on   each   s ide   o f   t he   p l ane t ) .  

B a s i c a l l y   t h e  estimates depend  on t h e   s t a b l e   p r o p e r t i e s   i n   p o s i t i o n   a n d  time 

. o f   t h e   b e l t s .  So fa r  as t h e   i n t e g r a t e d   f l u x   a c r o s s   t h e   b e l t s  is concerned, 

there   appears   to   have   been   no   l a rge   change   s ince   the  first o b s e r v a t i o n s   i n  

t h e  la te  1950's. The o b s e r v a t i o n s   o f   s t r u c t u r a l   d e t a i l s  by i n t e r f e r o m e t e r s  

a l s o   p r e s e n t  a p i c t u r e  of  s t a b l e ,   w e l l - t r a p p e d   e m i s s i o n ,   v e r y   d i f f e r e n t  

f rom  what   might   be  expected  on  the  basis   of  phenomena a t  r e l a t i v i s t i c   e n e r g i e s  

n'ear t h e   e a r t h   ( H e s s ,  1968). Omnid i r ec t iona l   f l ux   va r i a t ions   ove r  a f a c t o r  

of 1 0 0  o c c u r   i n   t h e   o u t e r   b e l t s   i n   t i m e   s c a l e s   o f  a f e w  weeks.  

Obse rva t iona l ly  w e  t h e r e f o r e   b e l i e v e   t h a t  t h e  energy   dens i ty  

i n   t h e   f i e l d  a t  2.5 R m u s t   e x c e e d   t h e   r e l a t i v i s t i c   p a r t i c l e   e n e r g y  

dens i ty ,   and  by a cons iderable   amount ,   say   lOO-fo ld ,   to   account   for   the  

p r o b a b i l i t y   t h a t   p r o t o n s   a l s o  w i l l  b e   s t a b l y   t r a p p e d , i n   t h e  same s p a t i a l  

r eg ion .  

J 

Furthermore,  it seems clear t h a t   v a r i a t i o n s   o f   t h e   e m i s s i o n  

on a time scale shor t e r   t han   one   yea r  w i l l ,  i f  t hey  are p r e s e n t ,   f o r c e   u s  

t o   c o n s i d e r   r a d i a t i v e  lifetimes t h a t   s h o r t .  However, va r i a t ions   such  as 

they  are, are weak; t h e n ,   e i t h e r   t h e   r a d i a t i v e  l ifetime is s h o r t   a n d   t h e  

s o u r c e   o f   e n e r g e t i c   e l e c t r o n s  is  f a i r l y   s t a b l e   d e s p i t e   t h e   o b s e r v a t i o n s   i n  

3 
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t h e   e a r t h t s   b e l t s   t o   t h e   c o n t r a r y ,  or s i m p l y   t h e   r a d i a t i v e  lifetime is long 

compared t o  one   year .  The first hypo thes i s  seems u n a t t r a c t i v e .  The second 

h y p o t h e s i s   l e a d s   t o   a n   u p p e r  limit on t h e   f i e l d   s t r e n g t h .  

Minimum field  strength,  containment  estimate. The energy 

densl-cy  of t h e   b e l t   e l e c t r o n s  i s  N E ,  where N = number o f   e l e c t r o n s   o f   e n e r g y  

E ,  c .g . s . Then B(.min) ( 81~x10 NeE 1% gauss .  The r a d i o   e m i s s i o n   d i r e c t l y  

e s t a b l i s h e s  a good estimate o f   t h e   v a l u e   o f  N EB,  s i n c e   t h i s   d e t e r m i n e s   t h e  

b r i g h t n e s s   o f   t h e   s o u r c e   p e r   u n i t   p a t h   l e n g t h   a l o n g   t h e   s i g h t - l i n e  (see page 

61 1. Take t h i s   l e n g t h   t o   b e  = 4 ~ 1 0 ~ ~ c m  through  the   reg ion   of   peak   br ight -  

ness  a t  2 .5R  The observed   br ightness  a t ,  s ay  500 MHz, i s  

2 ~ 1 0 - l ~  watts meter-2 cps sr . This   depends  on  the  other   parameters  as 

2 e e 

E 

J '  -1 -1 

2x10-18 = 2 . 6 ~ 1 0  N (E /E  ) B L B ,  where Eo = m e c  -23 2 ,  B = B(min),  and 
10 e 0 

L = 4x10 . B(min> = 2x10 gauss .   (See  page 58 f o r  a d i s c u s s i o n   o f   t h e s e  

formulas .  1 . 
-3  

Maxim f i e  Id strength,  Zi fet ime  estimate.  The maximum of 

i n t e n s i t y  as a f u n c t i o n   o f  wave frequency l i e s  a t  about  500 MHz (Dicke l ,  

e t  a l . ,  1970) .   This   f requency is g i v e n   f a i r l y   c l o s e l y  by the   p roduc t   o f  

f i e ld   s t r eng th   and   t he   squa re   o f   e l ec t ron   ene rgy   i n   t he   fo rm 500 = ( E / E o )  B(max). 

The ra te ,  P ,  o f   r a d i a t i o n  is q u a d r a t i c   i n   e n e r g y   a n d   f i e l d   s t r e n g t h .  A t  

r e l a t i v i s t i c   e n e r g i e s ,  P = 4 ~ 1 0 - ~ E ( 1  +[1/2]E/Eo)B  (max). Now P/E i s  t h e  

l o g a r i t h m i c   g r a d i e n t   o f   e l e c t r o n   e n e r g y ,  s o  t h a t   t h e   c h a r a c t e r i s t i c  l ifetime 

of   an   e lec t ron  i s  T = 2 . 5 ~ 1 0  (1 + E/2E) B ( rnax) .   Let t ing E/E >>1, and 8 -1 - 2  

T = 1 y e a r  = 3x10 s e c ,  w e  f i n d  5x10 Eo/[E B (max)] = 3x10 . Therefore ,  

B 3/2(max) = 1 . 5 ,  or B(max) = 0.76  gauss .  

2 

2 

7 8 2 7 0 0 

- 

-3 A t  2.5RJ, 2x10 I B < 0.76   gauss .   This   range   t rans la tes  
0 -  

i n t o   a n   e q u i v a l e n t   r a n g e   o f   v a l u e s   f o r   J u p i t e r ' s   m a g n e t i c  moment 

5 M~ 5 4x10 c.g.s. 30 

1.1.3 By combi.ning the   obse rved   s i ze   o f   Jup i t e r ' s ,   synchro t ron  

source   wi th  known p r o p e r t i e s  of t h e   s o l a r   w i n d ,   i n c l u d i n g  i t s  r a d i a l   v a r i a t i o n  

wi th   d i s t ance  away from t h e   s u n   ( a l b e i t  measure: a t  one asti-or~o:-r~icaI IJII It 

r a t h e r   t h a n   J u p i t e r ' s   d i s t a n c e ,  which is & o u t   f i v e  AU) , we f inti  a lower iimit 

t o   t h e   m a g n e t i c  moment. A convenient  way t o  d e r i v e   t h i s  i s  i n  terms o f   t h e  
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e a r t h ' s   f i e l d   s t r e n g t h  a t  t h e   o u t e r   b o u n d a r y   o f   t h e   s t a b l y   t r a p p e d   p a r t i c l e s  

and   qu ie scen t   magne t i c   f i e lds  i n  the  magnetosphere.  The b e s t  f i t  d i p o l e  

f i e l d   s t r e n g t h   t h e r e  i s  about  60 y Cone gamma = gauss)  , about  one-half  

t h e   m e a s u r e d   f i e l d   s t r e n g t h   j u s t   i n s i d e   t h e   i n t e r f a c e   ( H e s s ,   1 9 6 8 ,  see 

Chapter   Seven) .  Now t h e   p l a s m a   d e n s i t y   v a r i e s   r a d i a l l y   o u t   f r o m   t h e   s u n  

as t h e   i n v e r s e   s q u a r e  of t h e   d i s t a n c e   ( D e s s l e r ,  1967)  so t h a t   n e a r   J u p i t e r  

it is (5 .2  )-* as dense as n e a r   t h e   e a r t h .  We assume t h a t  i ts  v e l o c i t y  

r e m a i n s   e s s e n t i a l l y   c o n s t a c t   o v e r   t h e   d i s t a n c e   f r o m   t h e   e a r t h ' s   o r b i t   t o  

J u p i t e r .   S i n c e   t h e   e n e r g y   d e n s i t y   i n   t h e   p l a n e t a r y   f i e l d  

t h e   k i n e t i c  energy d e n s i t y   o f   t h e   s o l a r  wind a t  e i t h e r   t h e   e a r t h  or J u p i t e r ,  

we f i n d   t h a t   t h e   i n t e r f a c e   r e g i o n   o f   s t a b l y   t r a p p e d   p a r t i c l e s  a t  J u p i t e r  l i es  

a t  a f i e l d   s t r e n g t h   o f  60y 5 5.2 = 1 1 . 5 ~ .  

The problem l i e s  i n   e s t a b l i s h i n g   w h e r e   i n   s p a c e   n e a r   J u p i t e r  

t h i s   f i e l d   s t r e n g t h   o c c u r s .  The observed maximum dimensions  of  synchrotron 

emiss ion   f rom  Jup i t e r  l i e  a t  about  6 RJ (McAdam, 1966;   Gulkis ,   1970) .  

However, t h i s   r e g i o n  o f   obv ious ly   s t ab le   t r app ing  may l i e  far  i n s i d e   J u p i t e r ' s  

magnetosphere. On t h e   o t h e r   h a n d   r a p i d   r o t a t i o n   o f   J u p i t e r  may create an 

i n t e r f a c e   r e g i o n   o f   r a d i c a l l y   d i f f e r e n t   p h y s i c a l   n a t u r e   f r o m   t h a t   o f   t h e  

e a r t h .   I n   e i t h e r  case, however, i f  we assume t h a t   t h e   f i e l d   s t r e n g t h  a t  6 RJ 

is 11.5~ w e  o b t a i n  a lower limit on the   magnet ic  moment, 9x10 IM 

about   the  same as t h e  one  based on containment.  

27 
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I .  1 . 4  Many p r o p e r t i e s   o f   J u p i t e r ' s   d e c a m e t r i c   r a d i a t i o n   s u g g e s t  

t h a t  it o r i g i n a t e s   c l o s e   t o   t h e   p l a n e t   a n d  i s  def ined  by ex t r eme ly   s t ab le  

plasma or f i e l d   p r o p e r t i e s  t h e r e .  T h i s  p o i n t  w i l l  b e   d i s c u s s e d   i n  more 

d e t a i l  l a te r ,  b u t   f o r   t h e  moment w e  s h a l l   s i m p l y  assume t h a t   t h e  wave frequency 

is  c l o s e   t o   t h e   e l e c t r o n   g y r o f r e q u e n c y .  An estimate o f   t h e   s o u r c e   p o s i t i o n  

fo l lows   f rom  the   na r rowband ,   s t ab le   r ad io   f r equency   o f   emis s ion   t ha t   occu r s  

a t  a d e f i n i t e   l o n g i t u d e .  For example,   the  emission  of  39.5 MHz r a d i a t i o n  

l i es  i n  a narrowband s t r i p   w i t h i n  less than 1 MHz o f   t h i s   v a l u e ,   a n d   o c c u r s  

only a t  a c e r t a i n  5 O  range of o r i e n t a t i o n s   o f   J u p i t e r   a n d   t h e  sa te l l i t e  I o .  

Supposing  that   39.5 MHz equals   the   e lec t roE  gyrof requency   ( somewhere) ,  our 

t a s k  is t o   l o c a t e   t h e   s o u r c e  on t h e   b a s i s   o f  i ts  s t a b i l i t y .  
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A range  of only 1 MHz o u t  of 39.5 MHz i m p l i e s   t h a t   t h e  

source  l i e s  wi th in  an e s s e n t i a l l y   r a d i a l   s h e l l  of t h i c k n e s s  

(AR/R)<(AB/3B) = (3~39.5)-~ = 0 .008 .  When R = 6 RJ, t h i s  i s  AR<_3540 km 

(which is abou t   t he   d i ame te r   o f  Io) .  

Along a l i n e  of f o r c e   t h e   v a r i a t i o n   o f   d i r e c t i o n   o f   t h e  

l i n e   o f   f o r c e  is  m o s t   r a p i d   i n   t h e   e q u a t o r i a l   p l a n e   o f   t h e   f i e l d  a t  t h e  

maximum dis tance   f rom  the   d ipole .  A t  t h i s   p o i n t   t h e   l i n e  of f o r c e  l i e s  

a t  r i g h t   a n g l e s   t o   t h e   e q u a t o r i a l   p l a n e .   S u p p o s e   t h a t   t h e  5O range   of  

l ong i tude   o f  beaming  corresponds t o   t h e  change i n   d i p o l e   l i n e  of  f o r c e  

d i r e c t i o n   a c r o s s   t h e   d i p o l e   l a t i t u d e   r a n g e   f r o m  -0?5 t o  +0?5. (The 

example is extreme  because t o   u n d e r s t a n d   t h e  5O beaming i n   t h i s  way w e  

have t o   c o n s i d e r   t h e   d i p o l e  as l y i n g   p a r a l l e l   t o   t h e   r o t a t i o n a l   p l a n e  of 

J u p i t e r  !> .  The r e l a t i v e   c h a n g e   i n   r a d i u s   v e c t o r   c o r r e s p o n d i n g   t o  a 

change   o f   l a t i t ude   f rom - 2?5 t o   t 2 ? 5  i s  only  0 .0013 ;  t h i s  is smaller 

than   the   change   in   rad ius   in fer red   above   f rom  the   bandwidth .  

The beaming  and the   bandwidth   demonst ra te   tha t   no   g rea te r  

r a n g e   i n   t h i c k n e s s   t h a n  a f e w  t housand ths   o f   t he   d i s t ance   f rom  Jup i t e r  i s  

i n v o l v e d   i n   t h e   e m i s s i o n   s o u r c e  a t  any time; t h i s   e x t r e m e l y   t h i n   s h e l l  i s  

we l l -de f ined   i n   space  by t h e  mechanisms c r e a t i n g   t h e   e m i s s i o n .  

For  e x a m p l e ,   t h e   r e l a t i v e   t h i c k n e s s   o f  Io  i s  0.007R. If 

I o  creates. a s h e l l   o f   e m i s s i o n   t h i s   t h i c k   s u r r o u n d i n g  i t s e l f ,  i t s  band- 

width w i l l  a lmos t ,   bu t   no t   qu i t e ,   exceed   t he   r equ i r ed   uppe r  limit of  

th i ckness .  A d i s t u r b a n c e   n e a r   I o   t h a t   c o v e r s  as much as 5' of long i tude  

along I o ' s  o r b i t ,   w i t h   t h e   t h i c k n e s s  of Io ,   does   no t   exceed   the   bandwidth  

requi rement .  

However, t h e   l i n e s   o f   f o r c e   u n d o u b t e d l y  are p a r a l l e l   t o  

t h e   a x i s   o f   r o t a t i o n   o f   J u p i t e r ,   n o t   p e r p e n d i c u l a r  as i n   t h i s   i l l u s t r a t i o n .  

The 5O longi tude  range  cannot   be  def ined as I have  assumed  above,  but 

i n s t ead   cove r s  a ve ry   l a rge   r ange  of s h e l l s ,  much t h i c k e r   t h a n   p e r m i t t e d  

by the  bandwidth.  
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I$ the source  liss. between 1.0 and   Jup i . t e r ,   t he re   appea r  

t o  be much less Eavorahle   c i rcumstances for this sharply-beamed,  nearly 

mon,ochromati.c rad ia t fon . .  A t  in te rmedzate   po in ts   a long   any   lqne  of f o r c e ,  

the range  of d i r e c t l o n s   o f   t h e  l h e  of f o r c e   l y i n g   b e t w e e n   s h e l l s  of 

re la t ive th.icknes.s 0,008R is  much smaller than  5O. The bandwidth i s  

t o o   n a r r o w   t o   b e   c o n s i s t e n t   w i t h   t h e  beaming  provided  natural ly  by t h e  

c u r v i n g   l i n e s  of fo rce .  

A s p e c i f i c   s e l e c t i o n  of a r a d i a l l y   t h i n   r e g i o n  of e x c i t a t i o n  

must   be  automatical ly  made by phys ica l   c i r cums tances   o f   Jup i t e r ' s   env i ron -  

ment. .Th.e o n l y   a l t e r n a t i v e   t o  Io  i s  J u p i t e r ' s   a t m o s p h e r e ,   i n c l u d i n g   t h e  

ionos,ph.ere. Here the scale l e n g t h  i s  small enough so t h a t   t h e   o b s e r v e d  

upper limit of t h i c k n e s s ,  i . e . ,  AR10.008RJ = 600 k i lome te r s ,  i s  indeed 

g r e a t e r   t h a n   t h e   p r o b a b l e   t h i c k n e s s  of the   a tmospher ic   source   reg ion .  

We then   equate  c M , / R J 3 ) C l  + 3 cos on J u p i t e r ' s  

surface  to   ( .39.5/2.80)   gauss   ( . the  gyro-frequency  equals  2.80B MHz, where 

B i s  i n  gauss) . .   Unfortunately,  R and 0 ,  t he   po la r   coo rd ina te s   w i th  

r e s p e c t   t o   J u p i t e r ' s   d i p o l e  moment, remain as unknowns of   the  problem. 

A conservat ive  (upper  limit) estimate o f   t h e  moment however ,   resul ts   f rom 

t ak ing  R as l a r g e  as it can  be,  and 8 = 90°. For example,   this  would 

approximate ly   represent   emiss ion  a t  t h e   p o i n t  where the  extended  magnet ic  

d i p o l e   i n t e r s e c t s   t h e   s u r f a c e  when t h e   d i p o l e   l i e s  a t  t h e   o p p o s i t e   s i d e .  

Then MJ1(39.5/2.  80)(8RJ ) = 4 x 1 0 ~ ~ .  gauss  cm3. T h i s   r e s u l t  is less sen-  

s i t i ve   t han   t he   p rev ious   one   based  on e l e c t r o n   l i f e t i m e s   i n   b e l t s .  

3 

1 .1 .5  The b e s t   v a l u e s   o f  t h e  moment  come from a d e t a i l e d  model 

of emis s ion   t ha t  combines  both  decimetric  and  decametric  data.  The 

dec ime t r i c   da t a   p rov ide  a s t r o n g   i n d i c a t i o n   t h a t   J u p i t e r ' s   f i e l d  i s  

d ipo la r ,   w i th   on ly  a small quadrupole moment (see 2 below).   Before  these 

d a t a  were i n   h a n d ,   t h e  symmetry of d e c a m e t r i c   d r i f t s   a b o u t  a long i tude  

ly ing   be tween  ear ly   and  main sources  of decametr ic   emission  suggested 

t h a t  Zarge scale f e a t u r e s   o f   t h e   f i e l d   e s t a b l i s h e d   t h e   b a s i c   d r i f t   p r o -  

p e r t i e s  of the   emis s ion .  Over  considerably more t h a n   h a l f  a p l a n e t  
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r o t a t i o n ,   t h e   s l o w   d r i f t i n g   o f   d e c a m e t r i c   s t o r m s   w i t h   f r e q u e n c y  is 

c o n s i s t e n t   w i t h   t h i s   h y p o t h e s i s .  

The g r e a t   p u z z l e   i n   t h i s   h y p o t h e s i s  i s  why, i f  only a 

d i p o l e   f i e l d   i n   i n v o l v e d ,  as would seem t o   b e   t h e   c a s e ,   d o e s   t h e   e m i s s i o n  

o c c u r   i n   s u c h  a l o p s i d e d   p a t t e r n   i n   l o n g i t u d e ,   a n d   f u r t h e r m o r e ,  why is  

i n  e f fec t  only  one  sense of po la r i za t ion   obse rved   i n   t he   decamet r i c  

r a d i a t i o n ?  

I p r o p o s e d   t o   a n s w e r   t h i s   q u e s t i o n  by t h e   h y p o t h e s i s   t h a t  

J u p i t e r ' s   d i p o l e  l i e s  a symmet r i ca l ly   w i th in   t he   p l ane t ,  as well as t i p p e d  

t o   t h e   a x i s  of r o t a t i o n .   N o t e   t h a t   t h i s  i s  n o t  a f i r s t - o r d e r   a p p r o x i m a t i o n  

based on a zero-order   model   cons is t ing  of  a c e n t r o i d   d i p o l e .  The model is 

be t te r  c a l l e d  a zero-order   model ,   s ince  the asymmetry i n   d e c a m e t r i c   p o l a r i -  

zat ion  and ra te  of  occurrence are dramatic .  

O t h e r   r e s e a r c h e r s   i n t r o d u c e   s e v e r a l   s t r o n g   l o c a l   i r r e g u l a r i t i e s  

i n   t h e   f i e l d   ( E l l i s ,  1965)  or other ,   perhaps  more benign ,   depar tures  from a 

d i p o l e .  

The "best"  rough model f o r   t h e   d i p o l e  moment a t  t h i s   s t a g e  

of t h e   a n a l y s i s ,   a p p e a r s   t o   b e   t o  assume t h a t   t h e   e m i s s i o n   i n v o l v e s   p o l a r  

l i n e s  of f o r c e  a t  about  one R from t h e   d i p o l e .  Then MJ 2. 5x1o3O gauss cm , 
s l i g h t l y  less than  the  upper  limit based on e l e c t r o n  lifetimes. 

3 
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These  various  upper  and  lower limits appear   a long   wi th   o ther  

material r e g a r d i n g   t h e   m a g n e t i c   f i e l d ,  as d iscussed   be low,   in   Sec t ion  1 . 5 ,  

a summary o f   J u p i t e r ' s   m a g n e t i c   f i e l d .  
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2.2 Shape of the magnetic f i e Z d  

1 . 2 . 1  The gross appearance of  J u p i t e r ' s   d e c i m e t r i c   r a d i a t i o n  

sugges t s  an u n d e r l y i n g   d i p o l e   f i e l d .   O c c u l t a t i o n   d a t a ,   a p e r t u r e   s y n t h e s i s  

and   supe r syn thes i s   da t a ,   and   i n t e r f e romete r s  show t h a t   t h e   s o u r c e  is  

d o u b l e ,   t w o   s o u r c e s   s p l i t  by 3 t o  6RJ i n  t h e  east-west d i r e c t i o n .  Each 

of t h e s e   h a l v e s  is  r o u g h l y   t h e   s i z e  of t h e   p l a n e t .  The g ross   appea rmce  

is ,  a l t e r n a t i v e l y ,   d e s c r i b e d  as t h r e e - f o l d   e l o n g a t e d   i n   t h e   e a s t - w e s t  

( e q u a t o r i a l )   d i r e c t i o n   r e l a t i v e   t o   t h e   n o r t h - s o u t h   ( p o l a r )   d i r e c t i o n   ( B e r g e ,  

1966 ) . 

The accepted   explana t ion  of th i s   emis s ion   t oday  is i n  terms 

of  r e l a t i v i s t i c   e l e c t r o n s   t r a p p e d   i n   J u p i t e r ' s   m a g n e t i c   f i e l d .   T h e s e  

e l ec t rons   have   ene rg ie s  of t e n s   o f  M e V ,  and i n   g e n e r a l  terms exh ib i t   no  

s i g n i f i c a n t   v a r i a t i o n s   i n  time ( s e e  1.2  above) .  

I n   g e n e r a l ,   e l e c t r o n   t r a p p i n g   f o r   l o n g   p e r i o d s ,   s a y   y e a r s  

or l o n g e r   i n   t h e   e a r t h ' s   b e l t s ,   s u g g e s t s   t h a t   t h e   m a g n e t i c   f i e l d  i s  long i -  

t u d i n a l l y ,  i . e . ,  a x i a l l y ,  symmetr ic .  S t rong   loca l .   devia t ions  from 

r o t a t i o n a l  symmetry do n o t   a b s o l u t e l y   r u l e   o u t  longevi-Ljr,  but f o r   t h e  

e a r t h   r e p r e s e n t   m a j o r   e l e c t r o n   s i n k s .  

E lec t rons   spend   most   o f   the i r  time n e a r   t h e   m i r r o r   p o i n t s  

o f   t h e i r   o r b i t ,  where t h e  e l e c t r o n   m o t i o n   e s s e n t i a l l y  is  a n e a r l y  f l a t  

s p i r a l   a r o u n d  i ts  f i e l d   l i n e .  Fo r  t h i s   r e a s o n ,  mclzt  o f   the   observed  

s y n c h r o t r o n   r a d i a t i o n   o r i g i n a t e s   f r o m   t h e   m i r r o r   p o i n t s   o f   t h e   f i e l d ,   a n d  

a l l  t h e  more so ,  b e c a u s e   t h e   m a g n e t i c   f i e l d  is s t r o n g e r   t h e r e   t h a n  a t  any 

o t h e r   p a r t  of t h e   e l e c t r o n ' s   o r b i t .  A s  a r e s u l t  w e  need   th ink   of   the  

synchro t ron   rad ia t ion   on ly  from d i r e c t i o n s   n e a r l y  a t  r i g h t   a n g l e s   t o  t h e  

f i e l d   l i n e s .  The main so1lrc:es o.E synchrotron  emission t!iel'p.fore .Lie along 

t h e   s u r f a c e  Hi t h in  the rad ia : i .on   be l t s   tha t   connec t  ioegi:>lj.s where t h e  i . i n e s  

of f o r c e  are at r i g h t  a n g l e s   t o  t h e  s i g h t l i n e .  
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The s i m p l e s t  case is when t h e   d i p o l e   a x i s  is i n   t h e   p l a n e  

o f   t h e  sky, a t  r i g h t   a n g l e s   t o   t h e   s i g h t l i n e .  Then a l l  o f   t h e   l i n e s  of 

f o r c e   i n   t h e   e q u a t o r i a l   p l a n e  are o r t h o g o n a l   t o   t h e   s i g h t l i n e ,   a n d   t h e r e -  

f o r e  are sources  of obse rvab le   synchro t ron   r ad ia t ion .  The b r i g h t n e s s  i s  

d i s t r i b u t e d   a l o n g  a s t r a i g h t   l i n e   p e r p e n d i c u l a r   t o   t h e   d i p o l e .  In  a d d i t i o n ,  

t h e   l i n e s   o f   f o r c e   t h a t  l i e  i n   t h e   p l a n e   o f   t h e   s k y  also o b v i o u s l y   s a t i s f y  

t h e   r e q u i r e d   c o n d i t i o n .  The first cond i t ion  is t h e  more important  so  far 

as b r i g h t n e s s   i n   t h e   e q u a t o r i a l   p l a n e  is concerned ,   s ince  a l l  e l e c t r o n s ,  

no matter what   L-she l l   they  are o n ,   c o n t r i b u t e   t o  it. The second  condi t ion 

i s  t h e  more important  s o  f a r - a s  b r i g h t n e s s   o u t   o f   t h e   p l a n e  is concerned, 

s i n c e   e l e c t r o n s   t h a t   m i r r o r   o u t   o f   t h e   e q u a t o r i a l   p l a n e   ( i . e . ,   t h a t   h a v e  

p i t c h   a n g l e s   o t h e r   t h a n   9 0 ° )   c a n   c o n t r i b u t e   t h e i r   m i r r o r   p o i n t   r a d i a t i o n  

on ly  as a r e s u l t   o f  it. 

Berge 's   (1966)   and  Branson 's   (1968)   observed  br ightness .  

d i s t r i b u t i o n s   c l e a r l y   s u g g e s t   t h e   v a l i d i t y   o f   t h i s   s o r t   o f   m o d e l ,   a n d  

sugges t   t he   impor t ance   o f   e l ec t rons   mi r ro r ing   nea r   t he   equa to r i a l   p l ane .  

They a l s o   s t r o n g l y   s u g g e s t   t h a t   t h e   f i e l d  is p o l o i d a l ,  or n e a r l y  s o ,  

a l t h o u g h   q u a n t i t a t i v e   d a t a  on h ighe r -o rde r  moments o f   t h e   f i e l d  are n o t  

e a s y   t o   o b t a i n  f r o m   t h e s e   b r i g h t n e s s   d i s t r i b u t i o n s .  

I t  is i m p o r t a n t   t o   n o t e   t h a t   t h e   c e n t e r   o f   g r a v i t y   o f   t h e s e  

d i s t r i b u t i o n s  is n e a r   t h e   c e n t e r   o f   J u p i t e r .  To de te rmine   poss ib l e   d i f f e rences  

o f   l o c a t i o n  of t h e  two c e n t r o i d s   t o  a p r e c i s i o n  much b e t t e r   t h a n  1 R is 

v e r y   d i f f i c u l t  by rad io   as t ronomica l   methods .  1 RJ 2 0 " ,  and  should  be com- 

pared   wi th   typ ica l   dec imet r ic   an tenna   beamwidths   o f  6 0 0 " ,  30- fo ld   l a rge r .  

I n t e r f e r o m e t r y  a t  t h e   r e q u i r e d   a r c - s e c o n d   r e s o l u t i o n   a l s o  is d i f f i c u l t .  

J 

In t e r f e romet ry   and   occu l t a t ions   ( s ee   Gu lk i s ,   1970 ,   w i th  

f u r t h e r   r e f e r e n c e s )  do  show brightness  asymmetries  between east and west 

p o r t i o n s   o f   t h e   e m i s s i o n   t h a t   c a n   b e   u s e d   t o   i n f e r  a rough  va lue   for  E-W 

disp lacement   o f   the   cen t ro ids .   Corresponding  N-S displacements,  which as 

we s h a l l  see may b e  much la rger ,   have   been   observed   accura te ly   on ly   once  

by t h e   p e n c i l  beam t e c h n i q u e ,   u s e d   d i f f e r e n t i a l l y   w i t h   r e s p e c t   t o  a well- 

e s t a b l i s h e d   r a d i o   s o u r c e   c o i n c i d e n t a l l y   t h e n   w i t h i n   o n e - h a l f  a degree   o f  

J u p i t e r .  
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To i n f e r   a n  E - W displacement w e  n o t e  when t h e   J u p i t e r  

m e r i d i a n   t h a t   c o n t a i n s   t h e   z e n o g r a p h i c a l l y   n o r t h   p o l e   o f   J u p i t e r ' s  

m a g n e t i c   f i e l d  l i e s  a t  t h e  east s i d e   o f   J u p i t e r ,   t h a t   p o r t i o n   o f   t h e  

e m i s s i o n   t o   t h e  east of J u p i t e r  i s  about 4.4 p e r   c e n t   b r i g h t e r   t h a n   t h e  

wes tern   por t ion   o f   the   emiss ion   (Branson ,   1968) .   Represent   the   Jupi te r  

sou rce  as a r i n g  o f  b r i g h t n e s s   i n   t h e   e q u a t o r i a l   p l a n e   o f   t h e   d i p o l e .  

A s  i ts  edges,  3RJ f r o m   t h e   p l a n e t ' s   c e n t e r ,   t h i s   r i n g  w i l l  appea r  

much b r i g h t e r   ( u n d e r   o b s e r v a t i o n s  made with  l imited  resolving  power)   than 

it does a t  t h e   c e n t e r .  The r i n g  is t h e r e   v i e w e d   t a n g e n t i a l l y ,   f o r   o n e  

t h i n g .  And, a t  t h e   c e n t e r ,   t h e   f a r - s i d e   e m i s s i o n  is  o c c u l t e d  by t h e  

pl.anet i t s e l f .  If w e  e n t i r e l y   i g n o r e   e m i s s i o n   f r o m   h i g h   l a t i t u d e   m i r r o r  

p o i n t s ,  w e  can s e t  t h e   t o t a l   r i n g   e m i s s i o n   p r o p o r t i o n a l   t o  2n(3R 1, o f  

which  approximately 2R i s  o c c u l t e d  by the   p l ane t .   Th i s   emis s ion  is 

s p l i t   i n t o   e a s t e r n   a n d   w e s t e r n   p o r t i o n s ,   e a c h   a m o u n t i n g   t o   ( 3 n - l ) R   u n i t s  

o f   e m i s s i o n .   S u p p o s e   t h a t   t h e   c e n t e r   o f   t h e  r.ing l i e s  KRJ u n i t s   o f  

d i s t a n c e   f r o m   t h e   c e n t e r   o f   t h e   p l a n e t ,   t o   t h e   e a s t   o f   t h e   p l a n e t  when t h e  

magne t i c   d ipo le   t i p   i n   t he   zenograph ic   no r the rn   hemisphe re  i s  t ipped  toward 

t h e  east .  Then t h a t   p o r t i o n  of the   emiss ion  w i l l  b e   i n c r e a s e d   t o  

(3n-l)R + KR u n i t s ,   a n d   t h e   o p p o s i t e  w i l l  b e   dec reased   t o  (3sr-1)RJ - KRJ 

un i t s ;   B ranson ' s   obse rva t ions  show t h a t  2 KRJ/(3n-1)RJ = 0.044.  There- 

f o r e  K = 0.044(3n-1)/2 = 0 . 2 1 f 0 . 1   ( t h e   u n c e r t a i n t y   h e r e  i s  my guess 

as t o   t h e   s t a b i l i t y   o f   t h e   c o n t o u r s   B r a n s o n   u s e d   t o   c o n s t r u c t   h i s  east- 

west b r i g h t n e s s   d i s t r i b u t i o n ) .  The f r a c t i o n a l  amount of  o c c u l t e d   r a d i a t i o n  

is 2 R  / (6sr -2)RJ  = 1 / ( 3 n - l )  = 1 2  p e r   c e n t .  

J 

J 

J 

J J 

J 

1 . 2 . 2  The t o t a l   b e l t   e m i s s i o n  is l i n e a r l y   p o l a r i z e d ,  a t  a l e v e l  

of   about  20 t o  30 p e r   c e n t .  The exac t  amount is less impor t an t   t han   t he  

o r i e n t a t i o n ,  which is a p p r o x i m a t e l y   o r t h o g o n a l   t o   J u p i t e r ' s   r o t a t i o n   a x i s .  

The re   a l so  may be some s l i g h t   d e g r e e   o f   c i r c u l a r l y   p o l a r i z e d   r a d i a t i o n  a t  

some longi tudes   (Berge ,   1966) .  The r o t a t i o n   o f   J u p i t e r ' s   m a g n e t i c   f i e l d  

was e a r l y   i n f e r r e d  from r o t a t i o n a l  effects of   the   decametr ic   emiss ion .  

L i k e w i s e ,   t h e   i n t e g r a t e d   f l u x   f r o m  a l l  p a r t s   o f   J u p i t e r ' s   b e l t s   v a r i e s   i n  

amount, i n   d e g r e e   o f   p o l a r i z a t i o n ,   a n d   i n   d i r e c t i o n   o f   t h e   p l a n e  of p o l a r -  

i z a t i o n .  These v a r i a t i o n s  must   be  represented by a F o u r i e r  series of a t  

I 
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least t h r e e  terms whose base   pe r iod  is t h e   p e r i o d   o f   b o t h   d e c a m e t r i c  

and   dec ime t r i c   r ad io   sou rces .  I t  is  fundamen ta l   t o   unde r s t and   t ha t  

t h e s e  two q u i t e   d i s t i n c t   k i n d s   o f   r a d i o   e m i s s i o n  are c o n n e c t e d   i n t e g r a l l y  

and t o  h igh   p rec i s ion   t h rough   t h i s  common p e r i o d i c i t y .  The magnetic 

f i e l d   g e o m e t r y   t h e r e f o r e   e s t a b l i s h e s   t h e   p r o p e r t i e s   o f   b o t h   t y p e s  of  

emission.  

A p r i o r i ,  t he   p l ane   po la r i za t ion   o f   synchro t ron   emis s ion  

from t h e   b e l t s   m i g h t   h a v e   p a r a l l e l e d   t h e   r o t a t i o n   i n s t e a d  of e q u a t o r i a l  

p lane .  The d i s t r i b u t i o n  of m i r r o r   p o i n t s   i n   l a t i t u d e  is the   de t e rmin ing  

f a c t o r ;   t h e   p o l a r i z a t i o n   d i r e c t i o n   i n  i t se l f  sugges t s  a preponderance  of  

l o w - l a t i t u d e   m i r r o r   p o i n t s .   E a c h   l o n g i t u d e   c o n t r i b u t e s   t o   t h e   t o t a l  

p o l a r i z a t i o n ;  i t s  d i r e c t i o n  is the re fo re   an   ave rage   ove r  a l l  t h e   b e l t s .  

The d i s t r i b u t i o n   o f   t h e   p o l a r i z e d   i n t e n s i t y   o v e r   a n  

i n c l i n e d   d i p o l e   r a d i a t i o n   b e l t   s y s t e m  is n o t  familiar,  d e s p i t e   t h e  amount 

of   model -bui ld ing   and   in te r fe rometry   tha t   u l t imate ly   should   be   based  on 

it. A s  sugges ted   above ,   observa t ions  made p r e c i s e l y   i n   t h e   e q u a t o r i a l  

plane  have a s i n g u l a r   v i e w p o i n t .   T h i s   r e s t r i c t i o n   s o f t e n s  somewhat as 

a r e s u l t   o f   t h e   s l i g h t l y   b r o a d e n e d   e m i s s i o n   p a t t e r n   o f   t h e   t y p i c a l   e l e c t r o n s  

a t ,  s a y ,  10  MeV which covers  roughly a cone of s l i g h t l y  more than  one  degree 

s e m i a n g l e .   S t i l l ,   t h e   s m a l l n e s s   o f   t h i s   a n g l e  shows t h a t   t h e   b r i g h t n e s s  

d i s t r i b u t i o n   f o r   d i p o l e  tilt apgles  much grea te r   than   one   degree   no   longer  

can  be  represented  properly by maps a p p r o p r i a t e   t o  a p u r e l y   e q u a t o r i a l  

pe r spec t ive .  

Maps a p p r o p r i a t e   t o   t h e   g e n e r a l   p r o b l e m   o f   s y n c h r o t r o n  

emiss ion   f rom  d ipole   f ie lds   can   be   cons t ruc ted   f rom  the   computa t ions  

t a b u l a t e d  by Ortwein,  e t  a l .  (1966). I a l s o   c o n s t r u c t e d   t h e   g e o m e t r i c  

p r o j e c t i o n   i l l u s t r a t i n g   t h e   d i p o l e - f i e l d   o r t h o g o n a l   s u r f a c e s   f o r  tilt 

angle  of l o o  (Warwick, 1964). By p l o t t i n g   t h e   d i r e c t i o n  a t  r i g h t   a n g l e s  

t o   t h e   l i n e s   o f   f o r c e   s a t i s f y i n g   t h e   o r t h o g o n a l i c i t y   c o n d i t i o n  I e x h i b i t e d  

m a p s ' o f   t h e   E - v e c t o r   d i s t r i b u t i o n   o v e r  a t i l t e d   r a d i a t i o n   b e l t   s y s t e m .  
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T h i s   d i s t r i b u t i o n   h a s   s e v e r a l   u n f a m i l i a r   b u t   i m p o r t a n t  

p r o p e r t i e s   t h a t   f o l l o w   e a s i l y  from the   geometry   o f   the   f ie ld-or thogonal  

p o i n t s .   I n  a t i p p e d   d i p o l e ,   e a c h   l i n e   o f   f o r c e  i s  i n  genera l   o r thogonal  

t o   t h e   s i g h t - l i n e   o f   a n   i n f i n i t e l y   d i s t a n t   o b s e r v e r  a t  two p c i n t s .   T h i s  

p rope r ty  is an obvious  consequence  of  the fact  t h a t  a d i p o l e   l i n e   o f  

f o r c e  is a f i n i t e ,   c o n t i n u o u s   l o o p .   P l a n e s   p a r a l l e l   t o   t h e   p l a n e   o f   t h e  

sky l i e  t a n g e n t   t o   t h i s   l i n e   o f   f o r c e  a t  two   po in t s ,   one   nea r   t he   d ipo le ,  

a n d   t h e   o t h e r  f a r  from it ( f o r  small d i p o l e  tilt angles) .   There  is a 

c o n j u g a t e   p a i r   o f   l i n e s   o f   f o r c e ,   c o n s i s t i n g   o f   t h e  two l i n e s   l y i n g   i n  

a s i n g l e   p l a n e   b u t   s e p a r a t e d  by 180° i n   l o n g i t u d e   a r o u n d   t h e   d i p o l e .  

The b a s i s   f o r   t h e  map o f  a s y n c h r o t r o n   r a d i a t i o n   b e l t  

c o n s i s t s   o f  two conjugate  maps,  one con ta in ing   on ly   pa i r s  of p o i n t s   n e a r  

t h e   o b s e r v e r   r e l a t i v e   t o   t h e   d i p o l e ;   t h e   p o i n t s  of a g i v e n   p a i r  l i e  

r e s p e c t i v e l y  on meridian  planes 180° a p a r t   i n   l o n g i t u d e .  The o t h e r  map 

c o n t a i n s   p o i n t - 2 a i r s   s i m i l a r l y  on t h e  fa r  s i d e   o f   t h e   d i p o l e .  

Each p o i n t - p a i r   d e f i n e s  a poin t   o f   t angency  of t h e   p l a n e  

o f   t h e   s k y   t o  a g i v e n   l i n e   o f   f o r c e   a n d  i ts  conjugate .   There  are two 

i n t e r s e c t i o n   l i n e s  of the   p lane   o f   the   sky  on the   p l ane   con ta in ing   t he  

l i n e   o f   f o r c e ,   a n d   t h e s e   l i n e s  are p a r a l l e l .  

The d i r e c t i o n   o r t h o g o n a l   t o   t h e s e   i n t e r s e c t i o n   l i n e s  is 

the   d i r ec t ion   o f   t he   E -vec to r   o f   t he   t o t a l   obse rved   synchro t ron   r ad ia t ion  

e m i t t e d   b y   e l e c t r o n s   a l o n g   t h i s   l i n e  of  f o r c e .   ( T h e   i n t e n s i t y  of t h e  

rad ia t ion   depends  on o t h e r   f a c t o r s ,   s u c h  as t h e   p i t c h - a n g l e   d i s t r i b u t i o n .  

I t  should  perhaps  be  again  emphasized  that   the   present   discussion is 

n o t   r i g o r o u s ,   b u t   n o n e t h e l e s s   s h o u l d   b e  a h i g h l y   a c c u r a t e   r e p r e s e n t a t i o n . ) .  

There is a two-dimensional surface w i t h i n   t h e   r a d i a t i o n  

b e l t  on which t h e   l i n e s   o f   f o r c e  are everywhere  orthogonal t o   t h e   s i g h t -  

l i ne .   Th i s   su r f ace   opens  up c o n i c a l l y   w i t h   t h e   d i p o l e  a t  i t s  v e r t e x ;  

t h a t  i s ,  i ts  l ine   e l emen t s  a l l  o r i g i n a t e  a t  t h e   d i p o l e .  
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The maximum l a t i t u d e   r e a c h e d  by e l e c t r o n s   w i t h  a g iven  

e q u a t o r i a l   p i t c h   a n g l e  is r e p r e s e n t e d  by a s y m m e t r i c a l   p a i r   o f   t h e s e  

l i n e   e l e m e n t s   a b o v e   t h e   e q u a t o r i a l   d i r e c t i o n   a n d   o n   e i t h e r   s i d e  of 

t h e   p o l e .  The o t h e r   m i r r o r   p o i n t   l a t i t u d e  l ies  on t h e  far s i d e  of t h e  

d ipo le ,   and  i s  s i m i l a r l y   r e p r e s e n t e d  by a p a i r  below t h e   e q u a t o r i a l  

d i r e c t i o n .  

A t  a f i x e d   r a d i u s  from t h e   d i p o l e ,  a s p h e r i c a l   s h e l l  

i n t e r s e c t s   t h e   o r t h o g o n a l   c o n e   i n  a s imple   c losed   cu rve   t ha t  maps i n t o  

an approximate c i rc le  on the   p l ane   o f   t he   sky .   Fu r the rmore ,   t he  

E-vec tor   emi t ted  by t h e   s h e l l   a p p r o x i m a t e l y   p a r a l l e l s   t h i s  c i rc le .  

A s  viewed  from t h e   s i d e ,   t h e   c e n t r a l  l i n e  of f o r c e ,  

t h a t  l i e s  d i r ec t ly   be tween   t he   d ipo le   and   t he   obse rve r ,  i s  t i p p e d  down- 

ward  through 6 w i t h   r e s p e c t   t o   t h e   s i g h t l i n e .  6(=10°) is t h e   a n g l e  

be tween   t he   d ipo le   d i r ec t ion   and   t he   p l ane   o f   t he   sky .  The c e n t e r   o f  

c u r v a t u r e   o f   t h e   e x t r e m i t y  of  t h e   l i n e   o f   f o r c e  l i e s  2 /3  of t h e   r a d i u s  

v e c t o r   t o   t h e   e x t r e m i t y  away f rom  the   d ipole .  The emission as seen i n  

p r o j e c t i o n   t h e r e f o r e  l i es  (2/3)Rmsin6  below  the  dipole,   where R is 

t h e   r a d i u s   v e c t o r  t o  the   ex t r emi ty   ( s ee   F igu re  1). From t h e   o b s e r v e r ' s  

po in t   v iew,   the   emiss ion  lies i n  a c i r c u l a r  arc, l i m i t e d  on t h e   p o l a r  

s i d e  by two l i n e s   ( l a b e l e d   s i n  a <0.6) r e p r e s e n t i n g   t h e   h i g h   l a t i t u d e  

limit reached by m i r r o r i n g   e l e c t r o n s ,   w i t h   a n   e q u a t o r i a l   p i t c h   a n g l e  c1 

a r b i t r a r i l y   c h o s e n  s o  t h a t   s i n  c1 - 0 . 6 .  

m 

L -  

L 

L- 

2R h e r e   c l e a r l y   c o r r e s p o n d s   t o   t h e   s y n c h r o t r o n   b e l t  m 
east-west dimension  which we s h a l l  s e t  equa l  t o  4RJ. Figure 2 

s c h e m a t i c a 1 l . y   i l l u s t r a t e s   t h e   s i t u a t i o n .  The l a r g e  arcs are the   emiss ion  

l o c i ,   a n d   d i r e c t i o n  of the   E-vec tor .  The d i p o l e  moment l ies a t  t h e  

c e n t e r ;   J u p i t e r   a p p e a r s   t o  scale , and is a r b i t r a r i l y  set  down i n   t h e  

c e n t e r  of t h e   b e l t   s t r u c t u r e s .   T h e s e  are shown a t  a t i p   o f  l o o ,  wi th  

the   zenographic   nor th   po le   t ipped   toward   the   ear th .   But   the   curva ture  

c h a r a c t e r i s t i c s  are schematical ly   a lways similar. 
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r igure 1. (Top) The d i p o l e  l i n e  of force.  I t s  r a d i u s  of c u r v a t u r e  is (1/3)Rm 

i n   t h e   e q u a t o r i a l   p l a n e .  

(Bottom)  The  shape of t h e   l o c u s  of near -s ide   emiss ion  from p o i n t s  

l y i n g  on a s p h e r i c a l   s h e l l   c e n t e r e d   o n   t h e   d i p o l e   ( s c h e m a t i c ) .  
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Some remarks should   be  made abou t   t he   obse rva t iona l   checks  

o f   t h i s  model. D i f f e ren t   po r t ions   a long   t hese   cu rved  arcs w i l l  have 

d i f f e r e n t   b r i g h t n e s s e s ,   t h a t   d e p e n d ,  for example,  on t h e   p i t c h   a n g l e  

d i s t r i b u t i o n   i n   t h e   e q u a t o r i a l   p l a n e .  The c e n t r a l   r e g i o n   o b v i o u s l y  w i l l  

be   reduced i n  b r igh tness   because   f a r - s ide   emis s ion  is t h e r e   o c c u l t e d .  The 

e x t r e m e   p o r t i o n s   o f   t h e   b e l t s   s h o u l d   b e   s p l i t   i n t o   n o r t h   a n d   s o u t h   p o r t i o n s  

co r re spond ing   t o   nea r - s ide   and   f a r - s ide   emis s ion ,   r e spec t ive ly .  The N and 

S e x t e n s i o n s   s h o u l d   b e   p o l a r i z e d   w i t h   E - v e c t o r   r o u g h l y   p a r a l l e l   t o   t h e  

r o t a t i o n   a x i s .  

A s  J u p i t e r   r o t a t e s ,   t h e  tilt ang le   changes ;   t he   cu rva tu re  

of   these   var ious   loc i   changes  as well. So  far a l l  o f   t h e   v a r i a t i o n s   o f  

p o l a r i z a t i o n   t h a t   h a v e   b e e n   c o n s i d e r e d   c o r r e s p o n d   t o   t h e  tilt. We now 

cons ider   asymmetr ies   cor responding   to   the   d i sp lacement   o f   the   d ipole  

w i t h   r e s p e c t   t o   t h e   c e n t e r   o f   J u p i t e r .  

A modi f ica t ion   of   F igure  2 can i l l u s t r a t e  how an o f f s e t  

p o s i t i o n   o f   t h e   d i p o l e   i n t r o d u c e s   a s y m m e t r i e s   i n t o   o b s e r v a t i o n s   o f   t h e  

t o t a l   f l u x  from t h e   b e l t s .  The most i n t e r e s t i n g   o f   s e v e r a l   o f   t h e s e  

tha t   has   been   observed  i s  an a s i n u s o i d a l   v a r i a t i o n   i n   t h e   d i r e c t i o n   o f  

t o t a l   p o l a r i z a t i o n  as J u p i t e r   r o t a t e s .  These  data were o r i g i n a l l y   o b s e r v e d  

a t  a wavelength  of 20 cm by  Roberts  and  Komesaroff  (1965),  and  have  recently 

been i n   e s s e n c e   c o m p l e t e l y   v e r i f i e d  a t  the   ex t r eme ly   sho r t   synchro t ron  wave- 

l e n g t h   o f  6 cm by  Whiteoak, e t  a l .  (1969) as w e l l  as t h e  long  wavelength 

o f  50 cm (Roberts  and  Ekers , 1968). 

These   ve r i f i ca t ions  are a l l  t h e  more i m p o r t a n t   i n s o f a r  as 

J u p i t e r ' s   r o t a t i o n   a x i s  i s  now v i r t u a l l y   p e r p e n d i c u l a r   t o   t h e   s i g h t l i n e .  

F igure  3 r e p r e s e n t s   s c h e m a t i c a l l y   t h e   s i g n i f i c a n t   a s p e c t s   ( i n  my opin ion)  

o f   t h e s e   r e s u l t s   f o r   i n d i c a t i n g   t h e   f i e l d   s t r u c t u r e   n e a r   J u p i t e r .  They 

are : 

( a )  The down s l o p e  a t  180°  longi tude is much s t e e p e r  

t han   t he  up s l o p e  a t  60° longi tude ,   measured   ra tes  

being  -0 .156  f0 .008  degrees   of   posi t ion  angle   per  

degree  of  longitude  'compared  with 0.133 f 0 . 0 0 7  
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Figure 2. The  loci of near-side, and  far-side  emission  from a  spherical 

shell. The dipole  tip in  the  north is tilted  toward  the observer. 

The labeled directions  are as viewed  from the  earth-(schematic). 
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degrees   pe r   deg ree   r e spec t ive ly .  The u n c e r t a i n t i e s  

a s s i g n e d   h e r e  are my own, based  on f 5 O  u n c e r t a i n t y  

ove r  90° of p l a n e t a r y   r o t a t i o n .  The r e c e n t  6 cm-data 

for t h e   g e n t l e r - s l o p i n g   p o r t i o n  a t  the   counter -  

c lockwise   c ross -over   ( the  e lectr ic  v e c t o r  is r o t a t i n g  

coun te rc lockwise   on   t h i s   po r t ion  of t h e   c u r v e ) ,  is 

v i r t u a l l y   i d e n t i c a l   i n   t h e  two sets of d a t a   t a k e n  

f i v e   y e a r s   a p a r t  and a t  r a d i c a l l y   d i f f e r e n t  wave- 

l e n g t h s .  The clockwise  cross-over   .data  are -0.156 

deg ree   pe r   deg ree   i n   1963  a t  20 cm and  -0.178  degree 

p e r   d e g r e e   i n   1 9 6 8  a t  6 c m .  T h i s   d i f f e r e n c e  is con- 

ce ivab ly  real ,  b u t   i n  my opinion refers  i n s t e a d   t o  

the   absence  of d a t a   o v e r  50° longi tude   on   the   mos t  

r a p i d l y   p o r t i o n   o f   t h e   c u r v e  as obse rved   r ecen t ly .  

( b )  The h igh -pos i t i on -ang le   po r t ions   o f   t he   cu rve  are 

much sha rpe r   t han  i t s  low p o s i t i o n   a n g l e   p o r t i o n s ;  

t h e s e  l a t t e r  are c l o s e   t o  f l a t .  Th i s   f ea tu re   appea r s  

t o   b e   i d e n t i c a l   i n   t h e  two a v a i l a b l e  sets of d a t a .  

Be fo re   en t e r ing  upon a d i s c u s s i o n  of o f f s e t s ;  I emphasize 

t h a t   t h e   a u t h o r s   o f   t h e s e   b e a u t i f u l   d e c i m e t r i c   d a t a   c o n s i d e r   t h a t  a 

d i s c r e t e  anomaly i n   t h e   m a g n e t i c   f i e l d   s t r u c t u r e  i s  r e s p o n s i b l e  f o r  t h e  

asymmetries. 
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Figure 3. S c h e m a t i c   d e p i c t i o n   o f   t h e   d e c i m e t r i c   p o l a r i z a t i o n ' s   p o s i t i o n - a n g l e  

v a r i a t i o n s  as J u p i t e r   r o t a t e s  [see Roberts  and  Komesaroff (1965)  

fo r  d e t a i l e d   d a t a ] .  The d i p o l e  tilt, 6 , fo l lows  from t h e  rate of 

change of p o s i t i o n   a n g l e  a t  the   counter -c lockwise   c ross -over .  The 

formula is 6 = (36Oo/2n) d(P.A.) /d  XIII. 
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There   appea r   t o   be  a t  least two reasons  why they  come 

t o   t h i s   c o n c l u s i o n :  

(a)   penci l -beam measures o f  N-S l o c a t i o n   o f   t h e  

r a d i a t i o n   b e l t s   a p p e a r   t o   e s t a b l i s h   t h a t   t h e y  

l i e  a t  t h e   c e n t e r   o f   t h e   p l a n e t   t o   w i t h i n  0.3R 

(Roberts  and  Ekers , 1965 1. 
J 

( b )  a d ipo le   o f f se t   can   be  no l a r g e r   t h a n  one 

p l a n e t a r y   r a d i u s ,   a n d   t h i s  may no t   be   on ly  

in su f f i c i en t   t o   p roduce   t he   obse rved   a symmet r i e s  

b u t   a l s o  seems unappealing on t h e   p u r e l y   i n t u i t i v e  

grounds  of  planetary  symmetry.  

Whiteoak e t  a l .  (1969) s u g g e s t   t h a t   t h e  E-W b r i g h t n e s s  

enhancement  observed  by  Branson (1968) on t h e  east limb a t  a l o n g i t u d e  

of   about  135O is  the   r equ i r ed   anomaly ;   t h i s   p l aces   t he   f ea tu re  a t  

cent ra l   mer id ian   passage   near   the   c lockwise   c ross -over ,   and   behind   the  

p l a n e t  a t  the   counterc lockwise   c ross -over .   Therefore ,  we can i n f e r   t h e y  

should  deduce  the rate of   change   of   pos i t ion   angle  a t  the  counterclockwise 

c r o s s - o v e r   a n d   i n f e r   t h e r e f r o m   t h e   t r u e   i n c l i n a t i o n   a n g l e   o f   t h e   b a s i c  

magnetic moment. (They  used a d i f fe ren t   p rocedure   however ,  see below). 

This   resul t   agrees   with  mine,   which i s  based on e n t i r e l y  

d i f f e r e n t   r e a s o n i n g  (Warwick, 1964, and see below). I der ived  a tilt 

o f   t h e   d i p o l e   t o   a x i s  of r o t a t i o n  = 7?7 +_0?1; t h e   t i p   o f   t h e   d i p o l e   i n  

the   nor thern   hemisphere   inc l ines   toward   the   ear th  a t  a cen t r a l   mer id i an  

long i tude  XIII(1957.0) = 202O f2O, a t  the  epoch 1 J u l y  1968. The 

r o t a t i o n   p e r i o d   o f   t h e   s o u r c e  is 9 55  29.70 +_Os05 s l i g h t l y .   l o n g e r   t h a n  

PIII(1957.0) 9 55 29.37. (Cur ren t   r ad io   obse rva t ions  are b e i n g   p r e s e n t e d  

sometimes on one, or t h e   o t h e r  basis, s o  t h a t  care needs t o  b e   t a k e n   i n  

r e a d i n g   t h e   l i t e r a t u r e . ) .  

h m s  

h m s  

Whiteoak e t  a l .  (1969) conclude on a tilt of 902 *O? 3 

be tween   d ipo le   and   ro t a t ion   ax i s ,   no t  7?7 as I have  above.   Their   value 

i s  the  ampli tude o f  t h e   l e a d i n g  term i n   t h e   p o l a r i z a t i o n   c u r v e   r e p r e s e n t e d  
* 

20 



by a three- te rm  Four ie r  series. Other   authors   quote   values   of  l o o  o r  

even more f o r   t h e  s&e a n g l e .  

If t h e   f i e l d   i s n ' t   d i p o l e ,   t h e  tilt a n g l e   i s n ' t   u n i q u e l y  

d e f i n e d   i n  any case. If t h e r e   e x i s t s  a s i n g l e  anomaly  superposed  on a 

d ipo le ,   t hen   t he   p rocedure  I suggest   above seems t o   l e a d   t o  a more 

r a t i o n a l   r e s u l t .  If t h e   f i e l d  i s  a n e a r l y   p u r e   d i p o l e ,   t h e   d i p o l e  tilt 

' should   be   t aken  a t  t h e  small va lue  I previous ly   quoted .  

In  any case I b e l i e v e   t h a t   t h e   i n t e n s i t y   v a r i a t i o n s  of 

1 1 . 4  cm rad ia t ion   obse rved  by  Roberts  (1965) show c o n c l u s i v e l y   t h a t   t h e  

m a g n e t i c   f i e l d  is ve ry   nea r ly  a pure  dipole  (Warwick,  1967  and  Wilson, 

1968).  The problem i s  then   t o   demons t r a t e  how it is p o s s i b l e   t h a t  an 

o f f se t   d ipo le   can   accoun t   fo r   t he   obse rved  asymmetries. The magnitude 

o f   t h e   n e c e s s a r y   o f f s e t   t u r n s   o u t   t o   b e   a b o u t   o n e   p l a n e t a r y   r a d i u s ;   t h e  

o b s e r v a t i o n s   i d e n t i f y  a l a r g e   s h i f t   i n t o   t h e   s o u t h e r n   h e m i s p h e r e   o f  

J u p i t e r ,   a n d  a small shif t   toward  XIII(1957.0)  = 230 ' .  

To d e m o n s t r a t e   t h e s e   r e s u l t s  I assume t h e  model f o r  

the   emiss ion  shown  on Figure 2 b u t   w i t h   t h e   p l a n e t ' s   p o s i t i o n   a r b i t r a r i l y  

l o c a t e d ;   t h e  moment only  must l i e  wi th in   t he   l imb   o f   t he   p l ane t  (see 

Figure 4 ) .  The arc de f i -n ing   t he   l oca t ion   and   po la r i za t ion   o f   f a r - s ide  

e m i s s i o n   r o t a t e s   i n   s p a c e  as the   magnet ic  moment M r o t a t e s .  On t h e   f i g u r e ,  

i m a g i n e   t h a t   t h i s  arc is f ixed   i n   space   and   does   no t   change   i n   pos i t i on  or 

shape. On the   o ther   hand ,   imagine   tha t   the   d i sk   o f   the   p lane t   swings   back  

a n d   f o r t h   a l o n g   t h i s  arc. Two p o s i t i o n s   o f   t h e   d i s k  are shown. When t h e  

c e n t e r s   o f   t h e   d i s k ,  of the   emiss ion  arc, and  the  magnetic moment l i n e  up, 

t he   d rawing   r ep resen t s   t he   c lockwise   c ros s -ove r .  When t h e   d i s k  is 

r o t a t e d  by 6 r e l a t i v e   t o  M y  w i t h   t h e   l o c a t i o n  Of M d e f i n i n g   t h e  

c e n t e r  of r o t a t i o n ,   t h e   d i s k   o c c u l t s   t h e  far s ide   emiss ion  more  on t h e  

east  s i d e   o f   t h e  arc than  on i t s  west s i d e .   T h i s   p o s i t i o n   r e p r e s e n t s   t h e  

d i p o l e  moment p o i n t i n g   t o   t h e  west o f   t h e   n o r t h   p o s i t i o n   o n   t h e   d i s k .  I t  

the re fo re   occu r s  a f t e r  clockwise  cross-over ,  by about  90° i n   l o n g i t u d e .  
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Figure 4 .  The a r c  of r e p r e s e n t a t i v e   f a r - s i d e   e m i s s i o n  is shown w i t h   t h e  

p l a n e t   i n  i t s  p o s i t i o n   a t  XIII(1957.0) = 202O and a l s o   w i t h   t h e  

p l a n e t   i n  t h e  l a t e r  p o s i t i o n  (1957.0)  = 292O ; 6 is t h e  tilt 

of t h e   d i p o l e   t o   t h e   r o t a t i o n   a x i s  of J u p i t e r   a n d   m e a s u r e s   t h e  

amount  and p o s i t i o n  of o c c u l t e d   p o r t i o n s  of t h e   f a r - s i d e   e m i s s i o n  

( schemat ic ) .  

5 1 1  
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The t o t a l  far  s i d e   e m i s s i o n  is polar ized   wi th   E-vec tor  

p a r a l l e l   t o   J u p i t e r ' s   e q u a t o r ;   t h e   b l o c k e d   e m i s s i o n  shown on  Figure 4 

t o   t h e  east o f   t he   emis s lon  arc  is p o l a r i z e d   n o t   i n   t h e   p l a n e   o f   t h e  

e q u a t o r ,   b u t  a t  a n   a n g l e   r o t a t e d   s l i g h t l y   c o u n t e r c l o c k w i s e   o u t   o f   t h e  

p lane .   This  i s  t h e   d i r e c t i o n  of t h e  bloeked emission.  The remaining 

emission,  which is no t   occu l t ed ,   obv ious ly  is p o l a r i z e d  a t  an  angle  

r o t a t e d   s l i g h t l y   c l o c k w i s e   o u t   o f   t h e   p l a n e   o f   J u p i t e r ' s   e q u a t o r .  

Throughout t he   c lockwise   c ros s -ove r ,   t he   p l ane   o f   po la r -  

i z a t i o n   r o t a t e s   c l o c k w i s e   n o t   o n l y  as a r e s u l t   o f   t h e   g r o s s   r o t a t i o n  

o f -   t h e  map,etic moment , b u t   a l s o ,  as Figure  4 shows, as a r e s u l t   o f   t h e  

asymmetr ic   and   changing   occula ta t ion   o f   the   fa r -s ide   emiss ion .   Exac t ly  

a t  t h e   c r o s s - o v e r   t h e   E - v e c t o r   d e f i n e s   t h e   d i r e c t i o n   o r t h o g o n a l   t o   t h e  

d i p o l e  i f  M l i e s  on t h e   a x i s   o f   r o t a t i o n .  Ear l ier  than   t he   c ros s -ove r ,  

t h e   p l a n e   o f   p o l a r i z a t i o n  i s  r o t a t e d   c o u n t e r c l o c k w i s e   t o   t h e   e q u a t o r i a l  

p lane ,   and   a f te rwards ,  it is  r o t a t e d   c l o c k w i s e .  The observed rate of 

change of t h e   p o s i t i o n   a n g l e   o f   t h e   t o t a l   p o l a r i z a t i o n   t h e r e f o r e  i s  

more r a p i d  a t  the   c lockwise   c ros s -ove r   t han   t he  rate of  change of t h e  

p o s i t i o n   a n g l e   o f   t h e   d i p o l e .  

A t  t he   oppos i t e   c ros s -ove r ,  i . e . ,  the   counterc lockwise  

c r o s s - o v e r ,   t h e  asymmetry  tends t o  p roduce   exac t ly   t he   oppos i t e   e f f ec t ,  

t h a t  is it dec reases   t he   appa ren t  ra te  o f   r o t a t i o n   o f   t h e   d i p o l e .  

However, no te   t ha t   t he   p re sumab ly  most i n t ense   f a r - s ide   emis s ion  a t  t h e  

counterclockwise  cross-over  l i e s  t o   t h e   s o u t h   o f   t h e   d i p o l e  M ,  and   the  

body o f   t h e   p l a n e t  is l a r g e l y   t o   t h e   n o r t h  of t h e   d i p o l e .   T h e r e f o r e ,  

n o t  as much of  it is  occu l t ed  as a t  c lockwise  cross-over ,   thus   reducing 

t h e   s t r e n g t h   o f   t h e   o p p o s i t e  effect .  

The magnitude of t h e s e  effects  i s  obviously c r i t i c a l  

to   unders tanding   whether   they   p lay  a ro l e   i n   t he   obse rved   a symmet r i e s .  

Q u a l i t a t i v e l y ,  a s o u t h w a r d   s h i f t  of M agrees   wi th   the   da ta .   Quant i -  

t a t i v e l y  w e  need t o  make c loser   examinat ion .  
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I 

The f a r - s i d e   e m i s s i o n  is covered  a long  an arc segment  of 

about  one t o  two p lane ta ry   r ad i i   by   t he   d i sk .   Th i s   occu l t ed   s egmen t   o f  

t h e   t o t a l   f a r - s i d e  arc translates a d i s t a n c e   t h a t  i s  measured  by 

f (6 /57?3)S   p l ane ta ry   r ad i i ,   where  S i s  t h e   d i s t a n c e   f r o m   t h e   c e n t e r   o f  

J u p i t e r   t o  M i n   p l a n e t a r y   r a d i i .   T h i s  assumes c e n t r a l   o c c u l t a t i o n  

o f   t h e   f a r - s i d e  arc;  o t h e r   r e g i o n s  w i l l  p roduce   grea te r  or smaller effects .  

Suppose t h a t   t h e   t o t a l   b e l t   e m i s s i o n  i s  r e p r e s e n t e d  by 

t h e s e  two arcs un i fo rmly   i l l umina ted ,   one   unoccu l t ed ,   t he   o the r   pa r t i a l ly  

o c c u l t e d   i n  a manner t h a t   v a r i e s   w i t h  time. The t o t a l   n e a r - s i d e   e m i s s i o n  is 

p r o p o r t i o n a l   t o   t h e  arc lengths ,   2~rR as shown i n   F i g u r e  4. Because  of   the J 
symmetry o f   t h e   p o l a r i z a t i o n   a l o n g   t h e  arcs, t h e   b e l t s  as shown would  be 

unpolar ized.  To i n t r o d u c e   p o l a r i z a t i o n   r e q u i r e s   t h a t   t h e y   b e   s h o r t e r ,  

s ay ,   fo r   example ,   a long  a 90° arc, which   then   cor responds   to  a t o t a l  arc 

l e n g t h  on t h e   n e a r   s i d e  of nRJ. 

On t h e  fa r  s ide ,   someth ing  l i k e  ( n  -2')RJ is unblocked. 

The t o t a l   e m i s s i o n  is then  (271 -2)R Assume t h i s   e m i s s i o n  is 20 p e r   c e n t  J '  
p o l a r i z e d .  The b locked   r ad ia t ion  is  o f   i n t e n s i t y  2RJ, which i s  100 p e r  

c e n t   p o l a r i z e d .  The d i r e c t i o n  of t h e   E - v e c t o r   o f   t h i s   b l o c k e d   r a d i a t i o n  

swings  through an angle   o f  f (6 /57?3) (S /2 )   r ad ians ,  o r  ( f ) 5 O S  degrees ,  

when 6 = loo. 

A small i n t e n s i t y   p l a n e - p o l a r i z e d ,   r a d i a t i o n ,  11, l y i n g  

wi th  i t s  E-vector a t  a small a n g l e ,  E, from the   E-vec tor   o f  a l a r g e  

i n t e n s i t y   p l a n e - p o l a r i z e d   r a d i a t i o n   f i e l d ,  12, r o t a t e s   t h e   n e t   E - v e c t o r  

th rough  an   angle  8 % I / ( I  + 1 2 ) .  Now l e t  I1 = 2R and I2 = ( 2 ~  -2)R 1 1  J J' 
L e t t i n g  E = *5O S ,  I f i n d  0 = f ( S o / n ) S .  

This  displacement S r e q u i r e d   t o  make t h e   t o t a l   r a n g e  

0 = ( l O O / ~ > S  I 4 O  (which is  t h e   d i f f e r e n c e   i n   d i p o l e   i n c l i n a t i o n   a n g l e s  

determined  from  clockwise  and  counterclockwise  cross-overs) is S % one 

p l a n e t a r y   r a d i u s .  
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A t  b e s t   t h i s  is a semi -quan t i t a t ive  estimate o f   t h e  

displacement .  Much more c a r e f u l   t h e o r e t i c a l   s t u d y   o f   t h e   b r i g h t n e s s  

d i s t r i b u t i o n s  i n  t h e   b e l t s ,   a n d  much h i g h e r   r e s o l u t i o n   o b s e r v a t i o n s  

w i l l  b e   r e q u i r e d   t o   c o n f i r m   t h i s   p o s s i b i l i t y .  

The d i f f e r e n c e  i n  s h a p e   o f   t h e  maximum o f   t h e   p o s i t i o n  

angle  curve  and i t s  minimum fo l low,  i n  t h i s  model,  from a s l i g h t   d i f -  

f e r e n c e   i n   t i m i n g   b e t w e e n   t h e   o c c u l t a t i o n  e f fec t  and   the   c ross -overs .  

I n   o t h e r  words when t h e   n o r t h e r n   e n d   o f   t h e   d i p o l e  is t ipped  toward 

t h e   e a r t h ,   t h e   p r o j e c t e d   p o s i t i o n   o f  M on t h e   d i s k  l ies  t o  one   s ide  

o f   t h e   a x i s   o f   r o t a t i o n .  For example,   suppose  the  longi tude  plane 

p h y s i c a l l y   c o n t a i n i n g   t h e   d i p o l e   t r a n s i t s   t h e  west l imb  whi le   the  

no r the rn   end   o f   t he   d ipo le  is s t i l l  t i pped   t oward   t he   ea r th .   Then ,   t he  

occu l t a t ion   o f   f a r - s ide   emis s ion   t ends   t o   p roduce  a counterclockwise 

r o t a t i o n   o f   t h e   p l a n e   o f   p o l a r i z a t i o n   w h i l e   t h e   d i p o l e  i t se l f  still  i s  

ro t a t ing   c lockwise .   These  effects t e n d   t o  cancel one   another   over  a 

r ange   o f   cen t r a l   mer id i an   l ong i tudes ,   t hus   exp la in ing   t he  f l a t  minimum 

of   t he   pos i t i on   ang le   cu rve ,   f rom 240° t o  330° ( i n   F i g u r e  3 a f t e r  

c l o c k w i s e   c r o s s - o v e r ) .   S i m i l a r l y ,   t h e  same k i n d   o f   e f f e c t ,   b u t   r e v e r s e d ,  

occurs  as t h e   d i p o l e   l o n g i t u d e   t r a n s i t s   t h e  east l imb.   There  the  occul-  

t a t i o n  e f fec t  i s  l e s s  as explained  above.  But t h e   p a s s a g e   o n t o   t h e   d i s k  

t ends   i n   any  case t o   s u s t a i n   t h e   g e n e r a l   c o u n t e r c l o c k w i s e   r o t a t i o n   s l i g h t l y  

longe r ,   be fo re   t he   fo rward   t i pp ing   o f   t he   d ipo le   conve r t s   t he   occu l t a t ion  

e f fec t  i n t o  a c l o c k w i s e   r o t a t i o n .  

S i n c e   t h e   o c c u l t a t i o n  effect  h a s   t h e  l eas t  in f luence  

d u r i n g   c o u n t e r c l o c k w i s e   r o t a t i o n   j u s t   b e f o r e   t h e  maximum p o s i t i o n   a n g l e  

is reached ,   t he   l ong i tude   o f   pas sage   t h rough   t h i s  maximum determines 

e s s e n t i a l l y   t h e   o r i e n t a t i o n   o f   t h e   d i p o l e .   T h i s   v a l u e  XIII (1957.0) = 1 1 2 O  

(on 1 July  1968)  CML, b u t   c o r r e s p o n d s   t o  a d i p o l e   t i p p i n g   m e r i d i a n  of 

1 1 2 O  + 90° = 202O. 180° l a te r ,  i .e . ,  when AIII (  1957.0) = 292O CML t h e  

d i p o l e  is a g a i n   i n   t h e   p l a n e   o f   t h e   s k y .  However, t h e   p o s i t i o n   a n g l e  

curve  has  been a t  t h a t  time a l r e a d y   d i s t o r t e d   f r o m  its peak  shape 
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s i n c e   a b o u t  260°, s i n c e   t h e   o c c u l t a t i o n  effect i s  r o t a t i n g   t h e   p o l a r i z a t i o n  

i n   t h e   o p p o s i t e   s e n s e   f r o m   t h e   d i p o l e   r o t a t i o n ,  as discussed  above.  

The p h y s i c a l   l o c a t i o n   o f   t h e   d i p o l e   m u s t  l i e  i n   t h e   m e r i d i a n  

about 30° t o   t h e  east a long   t he   p l ane t ’ s   su r f ace   f rom  the   mer id i an   p l ane  

p a r a l l e l   t o   t h e   d i p o l e .   I n   t h i s   p o s i t i o n  it is occu l t ed   soone r  a t  west 

l imb  passage.   This   value of 30° fo l lows   f rom  the   d i f f e rence  292O - 260°, 

and  probably   should   be   g iven   the   uncer ta in t ies  30 . P u t t i n g   t h i s  

t o g e t h e r   w i t h  my i n t e r p r e t a t i o n   ( s e e   p a g e  11 of  Branson’s  asymmetry, 

I l o c a t e   t h e   d i p o l e  0 . 2 R  from t h e   a x i s   o f   r o t a t i o n   i n   t h e   m e r i d i a n   p l a n e  

AIII(1957.0) = 232O (on 1 Ju ly   1968) .  

.+200 

J 

I n   s u m m a t i o n ,   t h e n ,   t h e   d i p o l e   a p p e a r s   t o  l i e  p h y s i c a l l y  

i n  a. f a r  s o u t h e r l y   p o s i t i o n  a t  XN = 0.2RJ, Y = t O . l R J ,  ZN = - l R J .  The 

u n c e r t a i n t i e s   i n  % and Y are r e l a t i v e l y  small, s a y  0.1R compared 

w i t h   t h a t  of ZN, which is s u r e l y   l a r g e  .I H o p e f u l l y   n o t   f o r t u i t o u s l y ,  

t h e   v a l u e s  5, YN, ZN, der ived   above   en t i r e ly   f rom  dec ime t r i c   da t a  are 

e x t r a o r d i n a r i l y   c l o s e   t o   t h e   v a l u e s   d e d u c e d   i n   t h e   e a r l y   a n a l y s i s   e n t i r e l y  

f rom  decametr ic   data .  I t  is clear ,  for example, t h a t   b o t h  3 and YN 
are p o s i t i v e   a n d  small, wh i l e  ZN i s  l a rge   and   nega t ive .  I t  i s  a l s o   q u i t e  

p r o b a b l e   t h a t  % > YN. 

N 

N J ’  

1. !The coordinate  system  here i s  one I introduced  lWamick 1 9 6 3 ~ ) ;  the 
axis  of Z l i e s   i n   t h e   r o t a t i o n  axis and i s  measured pos i t i ve  
northuard. The X-axis and the  Z-axis def<ne a plane  paraZleZ t o   t h e  
magnet<c dipole,   fortuitously  taken i n  1963  t o  be XII111957. 0) = 200°, 
neaPly t6e  correct  value 202”, for 1 JuZy 1968. 
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1.2.3 The e x i s t e n c e   o f  an axisymmetric  quadrupole moment for 

Jup i t e r ' . s .   f i e ld   fo l lows   f rom  dec ime t r i c   da t a  OTI t h e   v a r i a t i o n   o f   t h e   t o t a l  

i n t e n s i t y  as J u p i t e r   r o t a t a s .   T h i s  has t o  do wi th  the p i t c h - a n g l e   d i s t r i -  

b u t i o n   o f   t h e   t r a p p e d   e l e c t r o n s ,  wh ich   de t e rmines   t he i r   mi r ro r   po in t s .  A 

d i s t r i b u t i o n   c l u s t e r e d   a r o u n d  f l a t  ( . 9 0 ° ) . p i t c h   a n g l e s   d e f i n e s   t h e   p o i n t   o f  

minimum m a g n e t l c   f i e l d   s t r e n g t h   a l o n g   t h e   l i n e   o f   f o r c e   e n c i r c l e d   b y   t h e  

e l e c t r o n s .  The d i r e c t i o n  of emission from t h e s e   e l e c t r o n s  lies a t  r i g h t  

a n g l e s   t o  the l i n e   o f   f o r c e  a t  t h e   p o i n t  Gf minimum f i e l d   s t r e n g t h .  

Define two e longa t ions ,  east or west, when the   no r the rn   end  

o f   J u p i t e r ' s   d i p o l e  l ies east  or west o f   t h e   r o t a t i o n   a x i s   a n d  l ies  

p a r a l l e l   t o   t h e   p l a n e  of  the  sky.   Then,   emission  emerges  very  near ly   a long 

the   magne t i c   equa to r i a l   p l ane   ( excep t  for t h e  two sets o f   d i p o l e   l i n e s   o f  

f o r c e   i n   t h e   p l a n e   o f   t h e   s k y ) .  A t  o t h e r   a s p e c t s   o f   t h e   p l a n e t ' s   r o t a t i o n  

t h e   s i g h t l i n e   f r o m   t h e   d i p o l e   c e n t e r  -to the   observer   emerges a t  somewhat 

h ighe r  or l ower   magne t i c   l a t i t udes .  The. t y p i c a l  beaming p a t t e r n   o f   t h e  

r e l a t i v i s t i c   e l e c t r o n s  a t  J u p i t e r  is ( a s   s t a t e d   b e l o w ,  see page 62) only 

a l i t t l e  more than  one  degree.   Therefore ,  when t h e   s i g h t l i n e   p a s s e s  more 

than  one or two degrees  above or below  the   in fer red   magnet ic   equa tor   o f  

J u p i t e r  it takes i n   r a d i a t i o n  from e l e c t r o n s   d e f i n i t e l y   o u t  of the   p l -ane .  

I n   c r o s s i n g   t h r o u g h   t h e   m a . g n e t i c   e q u a t o r i a l   p l a n e   t h e   s i g h t l i n e   p a s s e s  

through a maximum o f   r a d i a t i o n   i n t e n s i t y .   T h i s  maximum correspcnds t o  a 

summation  of r a d i a t i o n  from c o n t r i b u t i o n   p o i n t s   e x t e n d i n g   o v e r   s e v e r a l  

r a d i i   a l o n g   t h e   p l a n e  of t h e   b e l t s .  

If w e  knew exact ly   where w a s  t h e   e l o n g a t i o n   l o n g i t u d e ,  

w e  c o u l d   e x a m i n e   t h e   v a r i a t i o n   o f   i n t e n s i t y   i n  i t s  neighborhood t o   e s t a b l i s h  

whe the r   t he  maximum emiss ion   ac tua l ly   does  come a t  t h e   p o i n t   w h e r e   t h e  

s i g h t l i n e  l i e s  i n   t h e   m a g n e t i c   e q u a t o r i a l   p l a n e .  If w e  could  measure a 

d i f f e rence   be tween   t hese   two   d i r ec t ions ,  i . e . ,  be tween   t he   d i r ec t ion   o f  

maximum emiss ion ,   and   the   d i rec t ion   of   the   magnet ic   equa tor ,  w e  would  be 

i n  a p o s i t i o n   t o   d i s c u s s   t h e   d e v i a t i o n s   o f   J u p i t e r ' s   f i e l d  from t h a t   o f  

a pure   d ipole .  
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It  is i m p o r t a n t   t o   u n d e r s t a n d   t h a t   t h i s   d e v i a t i o n   r e p r e s e n t s  

ave rages   ove r   l a rge   r anges  i n  long i tude .  The p resence   o f  a l a r g e  scale 

s y s t e m a t i c  small d e v i a t i o n   t h e r e f o r e  i s  heavi ly   favored   over   ex t remely  

l o c a l i z e d   i r r e g u l a r i t i e s .  We s h o u l d   e x p e c t   t h a t   i n   J u p i t e r ' s   s y n c h r o t r o n  

emiss ion ,   on ly   t he   l owes t   o rde r  moments p l ay   impor t an t   ro l e s ,   i nasmuch  as 

t h e   b e l t s  l i e  t y p i c a l l y   o n e  or two r a d i i   a b o v e   J u p i t e r ' s  surface. 

Recently  Roberts  and E k e r s  (1968)  re-addressed  themselves 

t o   t h e   q u e s t i o n   o f  asymmetry i n   J u p i t e r ' s   m a g n e t i c   f i e l d   b a s e d  on t h e  

beaming p rope r t i e s   o f   dec ime t r i c   emis s ion .  They show t h a t  t h e s e   p r o p e r t i e s  

p e r s i s t   o v e r  a l l  obse rva t ions ,   cove r ing  a frequency  range a t  least  f i v e -  

to-one. They a l s o   p a r t i a l l y   e x p l a i n   a n   e a r l y   r e s u l t   ( B a s h  e t  a l . ,  1964) 

wh ich   conc ludes   t ha t   t he   ang le   be tween   Jup i t e r ' s   d ipo le   and   ro t a t ion   axes  

i s  c o n s i d e r a b l y   l a r g e r   t h a n   t h e  707 e s t ab l i shed   above ,  o r  f o r   t h a t  matter, 

t h e  more commonly quoted l o o .  

I t  i s  e s p e c i a l l y   i m p o r t a n t   f o r  me t o   c l a r i f y   t h e s e   d i s a g r e e -  

ments   s ince   they  are a t  t h e   b a s i s   f o r  my deduc t ions   conce rn ing   Jup i t e r ' s  

quadrupole moment. Furthermore,   Roberts  and E k e r s  (1968,  page  162) mis- 

i n t e r p r e t  my explanat ion  (Warwick,   1967) .   In   turn mea culpa i s  t h a t  what 

p r e c i s e   l o n g i t u d e s  are adop ted   t o   r ep resen t   t he   e longa t ion   po in t s   de t e rmines  

t h e   r e s u l t   a n d  I d i d   n o t   m e n t i o n   t h i s   s e n s i t i v i t y .  

The c e n t r a l   p o i n t  i s  two-fold:  

( a )  what are t h e   p r e c i s e   e l o n g a t i o n   l o n g i t u d e s ?  

( i n   t h e   c o n t e x t   o f   a n s w e r i n g   ( b ) ,   b e l o w ,   t h e  

prev ious   va lues  1 1 2 O  and 292O may not  be  gcod 

enough . 

( b )  what l a t i t u d e  scale should   be   g iven   to   cor respond 

t o  long i tudes   nea r   e longa t ion?  The zenomagnetic 

l a t i t u d e  of t h e   s i g h t l i n e   v a r i e s  most r a p i d l y  

e x a c t l y  a t  the   e longat ions ,   which  means t h a t   t o t a l  

f l u x   a l s o   s h o u l d  f a l l  away most r a p i d l y  on e i t h e r  
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s i d e   o f   t h e   e l o n g a t i o n   p o i n t s .  It  is inconce ivable  

t h a t   t h e   f l u x  f a i l s  t o   a c h i e v e  a symmetric maximum 

about  some zenomagne t i c   l a t i t ude .  Asymmetry no r th  

and  south of t h e   e q u a t o r  is t h e r e f o r e   o u t s i d e   t h e  

ques t ion .  What needs   to   be   de te rmined  i s  where  the 

p o i n t   o f  symmetry i n  i n t e n s i t y  l ies,  w i t h   r e s p e c t  

t o   t h e   e q u a t o r .  

Roberts  and Ekers (1968)  and  others  deduce a beaming 

parameter  n which is  the  exponent  of the   cos ine   o f   t he   zenomagne t i c  

l a t i t u d e ,  I$, r e q u i r e d   t o  make cos I$ r e p r e s e n t   t h e   o b s e r v a t i o n s .  What n 

they  have shown is  t h a t   t h e   c h o i c e   o f  n is  v e r y   s e n s i t i v e   t o   t h e  

v a r i a t i o n s  assumed f o r  @. By spreading  4 over  a wide   range ,   var ia t ions  

of  cos I$ can b e   i n t r o d u c e d   t h a t  are l a r g e  enough s o  t h a t   c o s  @ v a r i e s  

s u f f i c i e n t l y   i n   b o t h   n o r t h   a n d   s o u t h   z e n o m a g n e t i c   l a t i t u d e s .  With only  

a s i n g l e  n v a l u e   u s e d   t o   r e p r e s e n t   f l u x e s   i n   b o t h   n o r t h e r n   a n d   s o u t h e r n  

l a t i t u d e s ,   t h e   b e s t - f i t   s o l u t i o n s  are the re fo re   d r iven   t oward  a l a r g e  

enough d i p o l e  tilt a n g l e   t o   e f f e c t i v e l y   s p r e a d  I$ over  a s u f f i c i e n t l y  

wide  range as J u p i t e r   r o t a t e s .   b b e r t s   a n d  E k e r s  (1968)  have  performed 

a s i g n i f i c a n t   s e r v i c e  by p o i n t i n g   o u t   t h e   r e l e v a n c e   o f   t h i s  fact  t o   t h e  

l a r g e  tilt angle  deduced by Bash, e t  a l .  (1964) .  

n 

No matter how more s imply   t h i s   t echn ique   r ep resen t s   t he  

d a t a ,  it does   no t   answer   the   cen t ra l   ques t ion   of   nor th-south   symmetry ;  

q u i t e   t h e   c o n t r a r y ,  it conceals  it. This  fact  is shown most c l e a r l y  

by Figure 2 ,  graphs  (c)   and  (d)   of   Roberts   and E k e r s  (1968) .   In  620 MHz 
d a t a ,  it a p p e a r s   t h a t  n m u s t   b e   r e l a t i v e l y   g r e a t e r   ( i n   s o u t h e r n  zeno- 

m a g n e t i c   l a t i t u d e s )   t h a n  it is i n  2650 MHz data .   That  is the   d rop -o f f  

o f   t h e   f l u x   i n t o   t h e   s o u t h e r n   h e m i s p h e r e  i s  much more r a p i d   t h a n   t h e  

d rop-o f f   i n to   t he   no r the rn   hemisphe re .  When t h e  E20 MHz d a t a   a r e  re- 

p l o t t e d  on t h e   b a s i s  o f  a very  large  . 'Lr .c l inat icn  ; ingle ,   1507,   they 

approximately f i t  t h e  l a w  (cos   Never the less  a t  s c u t h e r n   l a t i t u d e s  

t h e   f l u x  f a l l s  still more s t e e p l y   t h a n   t h i s   c u r v e .  
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The b a s i c   q u e s t i o n  is whether   these  curves   (whatever  is 

t h e   v a l u e   o f   t h e  tilt ang le  assumed t o  cons t ruc t   them)  are symmetrical  

a r o u n d   a n y   l a t i t u d e .  I answered t h i s   q u e s t i o n   s t r o n g l y   a f f i r m a t i v e l y  

for e s s e n t i a l l y   t h e  same 2650 MHz da ta   ana lyzed  by  Roberts  and  Ekers (1968) ;  

t h e   d a t a  are accura te ly   symmetr ic   a round  nor th   zenomagnet ic   l a t i tude  + 1?2 

(wi th   e longa t ion   p re sc r ibed  as above)  and n (de t e rmined   w i th   r e spec t   t o  

t h i s   z e r o   l a t i t u d e )  = 4(now 3.6 a c c o r d i n g   t o   t h e   p a p e r   b e f o r e   u s ) .  The 

h ighe r  n v a l u e   f o l l o w s   e n t i r e l y  from t h e  fact  t h a t   t h e  symmetry is n o t  

around + = O o .  The 620 MHz d a t a  now publ i shed  are symmetric  around a 

s l i g h t l y   g r e a . t e r   n o r t h e r n   l a t i t u d e ,  + 2?5 t o  3?0, b u t   t h e r e  are fewer 

p o i n t s   a n d   t h e i r  sca t te r  is  g r e a t e r ;  I c o n c l u d e   t h a t   t h e   s i g n i f i c a n c e  of  

t h e   d i f f e r e n c e  from t h e  ea r l i e r  va lue   o f  + 102 i s  probably   no t   h igh .  

S i n c e   t h e   i n t e n s i t y   d r o p s   o f f   m o n o t o n i c a l l y   e i t h e r   s i d e  

o f   t h e  maximum, conveivably  one  could  deduce  the maximum, and i t s  l a t i t u d e ,  

by l o o k i n g   j u s t  for t h e   h i g h e s t   p o i n t s .   T h i s   i s n ' t  a t au to logy .  The 

p o i n t s  are s c a t t e r e d   a b o u t ,   a n d  a s ta t i s t ica l  estimate i s  r e q u i r e d .  With 

the   obse rved   l a rge   sp read   o f   po in t s  , t h e r e  seems no way t o   j u s t i f y   d e t e r -  

minat ion of t h e  maximum i n  thi.s way. 

On t h e   o t h e r   h a n d ,  i f  t h e   i n t e n s i t y   d r o p - o f f  i s  symmetrical  

e i t h e r   s i d e   o f   t h e  maximum, we can  combine t h e   d a t a   o v e r  a wide  range of 

l a t i t u d e s ,   n o r t h   a n d   s o u t h ,   t o   e s t a b l i s h   p r e c i s e l y   n o t   o n l y   t h e   l a t i t u d e  

o f   t h e  maximum, b u t   a l s o   t h e  fac t  t h a t   t h e   e m i s s i o n   d r o p s   o f f   s i m i l a r l y  

b o t h   t o   t h e   n o r t h   a n d   t o   t h e   s o u t h .  I n  f a c t ,  t h i s   c l e a r l y  is t h e  case a t  

both 2650 MHz and 620 MHz. T h i s   j u s t i f i e s   c a l l i n g   t h e   r a d i a t i o n   s y m m e t r i c  

about  i ts  maximum p o i n t ,  as i s  requ i r ed  by   s imple   t rapping   theory .  

If w e  i n f e r r e d   t h a t   e l o n g a t i o n   o c c u r s  a t  a l o n g i t u d e   t h a t  

is s l i g h t l y   i n   e r r o r ,   t h e n   d i s p l a c e m e n t   o f   t h e  maximurn i n t e n s i t y   i n  

l a t i t u d e  may c o n c e i v a b l y   r e s u l t  We can   deduce   f rom  the   l a t i tude  o f  

maximum a c o r r e c t i o n   t o   t h e   l o n g i t u d e   o f   c r o s s - o v e r ,   s a y ,   t h a t   p e r m i t s  

u s   t o  assume t h a t   t h e  beaming  maximizes   p rec ise ly   in   the   equator ia l  

p lane .  To obse rve   t he  + lo maximum we used  data   based on a l o o  tilt ang le  
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I 
o f   t h e   n o r t h   e n d  of t h e   d i p o l e   i n t o   t h e   l o n g i t u d e  X (1957.0) = 198O. 

The tilt of J u p i t e r ' s   r o t a t i o n   a x i s   t o   t h e   s i g h t l i n e  is 3?3   (nor th   end  

t o w a r d   t h e   e a r t h ) ,  a t  t h e  time of t h e s e   d a t a .  The ques t ion  is what i s  

the   d i f f e rence   be tween   l ong i tudes   co r re spond ing   t o   zenomagne t i c   l a t i t ude  

Oo and  zenomagnet ic   l a t i tude  -1?2? These are given by h and X2 i n   t h e  

express ions  

111 

1 

( a )  O o  = (cos   10°) (s in   3?3) t ( s in   10°) (cos   3?3)cos  ( X ,  -198O) 

and 

(b)  s in ( -1?2)  = ( cos   10° ) ( s in   3?3 )+( s in   10° ) ( cos   3?3 )   c0s (A~-198~)  

A q u i c k   c a l c u l a t i o n  shows t h a t  (X - X ) = -8?3.  According t o   f o r m u l a   ( a )  1 2 
eastern e longa t ion   occu r s  when X = 89?0,  but- t h e   o b s e r v a t i o n s   s a y   t h a t  

X = 89OO is r e a l l y  a time when t h e   l a t i t u d e  is -1?2. T o  make t h e   l a t i t u d e  

f a r t h e r   s o u t h  near e a s t e r n   e l o n g a t i o n   r e q u i r e s   t h a t  we push   t he   l ong i tude  

o f   t h e   d i p o l e   t o   g r e a t e r   v a l u e s ,  i . e . ,  t h a t   t h e  198O f i g u r e   b e  increased 
by 803, t o  20603. A t  w e s t e r n   e l o n g a t i o n ,   t h e   f o r m u l a   ( a )  as i t  i s  w r i t t e n  

r e q u i r e s  X = 30604. Again , however , t h i s   v a l u e   a c t u a l l y   o c c u r s  a t  -102 

l a t i t u d e   r a t h e r   t h a n   z e r o .  To a c h i e v e   t h i s   r e q u i r e s   t h a t   t h e  198O f i g u r e  

be decreased by 8? 3 t o  189?7. 

1 

1 

I 

I s h a l l   r u l e   o u t  t h e  s imultaneous  occurrence  of   both  possi-  

b i l i t i e s .   I n  f a c t ,  t he   da t a   cu rves  show t h a t  89O is  r a t h e r   t o o  small a 

l o n g i t u d e   f o r   t h e   e a s t e r n   e l o n g a t i o n   i n s o i a r  as t h e   i n t e n s i t y   c u r v e   d e s c r i b e s  

i t .  96O a p p e a r s   t o  f i t  t h e   p e a k   b e t t e r .  30E0 probab ly   de f ines   t he  western 

elongat ion  approximately  but  some s c a t t e r  of t h e   d a t a   p o i n t s  a t  t h i s  maximum 

renders  matters uncer ta in ,   and  makes p o s s i b l e  a smaller value.  31.4O prlobably 

f a l l s  t o o   l a t e   w i t h   r e s p e c t   t o   w e s t e r n   e l o n g a t i o n .  4 b e t t e r   p e a k   v a l u e  

a c t u a l l y  would  be 300° i n s t e a d   o f  306O. 

I n   o t h e r   w o r d s ,   b o t h   e l o n g a t i o n s   t e n d   t o   e x h i b i t  a peak   f l ux  

a t  a long i tude   no t   co r rec t ly   g iven  by the   sys t em  in   wh ich   t he   d ipo le  lies 

a t  198O. The eas t e rn   l ong i tude  f i ts  b e t t e r   w i t h  206O, and  the   wes te rn   wi th  

19 00 . 

These  corr>ections  cannot both be   proper ,   wi th   on ly  a s imple 

model. The p o s s i b i l i t y  is  r u l e d   o u t   t h a t  an e r r o r   i n   t h e   c h o i c e   o f   d i p o l e  

long i tude   can   co r rec t   t he  asymmetry effect .  
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The s i m p l e s t   c o r r e c t i o n   d e r i v e s   f r o m   g i v i n g  up t h e  assump- 

t i o n   t h a t   t h e   f i e l d  is p u r e l y   d i p o l a r .   S i n c e   t h e   e m i s s i o n   r e p r e s e n t s  

l a r g e   r e g i o n s   o f   s p a c e   r e m o t e   f r o m   t h e   s u r f a c e   o f   J u p i t e r ,  it i s  reasonab le  

t o   c o n s i d e r   t h e   d i s t o r t i o n s   i n  terms of the   nex t   mu l t ipo le   expans ion  term 
above   t he   d ipo le .   Th i s  is the   quadrupole  term. 

Unfortunately,   quadrupoles  come i n   t h r e e   f o r m s ,   c o r r e s -  

ponding t o   t h e   t h r e e   a s s o c i a t e d   L e g e n d r e   p o l y n o m i n a l s   t h a t   a p p e a r   i n  

p o t e n t i a l   f u n c t i o n   e x p a n s i o n s   t o   t h e   s e c o n d   d e g r e e .  The va r ious  terms 

are n e c e s s a r y   t o   r e p r e s e n t  asymmetries w i t h i n   d i f f e r e n t   s e c t o r s   i n   l o n g i t u d e .  

Obv ious ly   t he   da t a  do n o t   r e q u i r e  a l l  t he   h ighe r -o rde r  

polynominals for a good f i t .  Thei r   g ross   appearance  i s  t o o   n e a r l y   s i n u s o i d a l  

t o   s u g g e s t   e i t h e r   t h e   n e c e s s i t y  or d e s i r a b i l i t y   o f   g o i n g   t o   t h i s   e x t r e m e .  

I n  f ac t ,  t h e  symmetry  of t h e   e r r o r   i n   t h e   d i p o l e  f i t  a t  t h e  

two e l o n g a t i o n s   s u g g e s t s   t h a t  a much s imple r  model w i l l  'do,  namely,  an 

a x i s y m m e t r i c   q u a d r u p o l e   o r i e n t e d   r o u g h l y   p a r a l l e l   t o   t h e   d i p o l e .  Both 

eas t e rn   and   wes t e rn   e longa t ions   mus t   co r re spond   t o   sou the r ly   l a t i t udes   fo r  

t h e i r  maxima t o   a p p e a r ,   r e s p e c t i v e l y ,  a t  l a t e r  and ea r l i e r ,  l ong i tudes .  

The e longa t ions   r ep resen t  two independent   p ieces   o f   ev idence ,   spread  155O 

i n   l o n g i t u d e ,   t h a t  a o n e   d e g r e e   c o r r e c t i o n   i n   t h e   d i r e c t i o n   o f   t h e   l i n e s   o f  

f o r c e  is n e c e s s a r y .   I n   b o t h   e l o n g a t i o n s   t h e   c o r r e c t i o n   n o t   o n l y   h a s   t h e  

same m a g n i t u d e ,   b u t   a l s o   t h e  same s e n s e ,   i n  which t h e   l i n e s   o f   f o r c e  are 

bent  s o  t h a t   t h e i r  minima l i e  n o r t h  of J u p i t e r ' s   e q u a t o r  (see below). 

An axisymmetr ic   quadrupole   has   un i form  rad ia l   equa tor ia l  

a n d   r a d i a l   p o l a r   m a g n e t i c   f i e l d .  The s e n s e   o f   t h e   e q u a t o r i a l   f i e l d   o p p o s e s  

t h e   p o l a r   f i e l d s ,  i . e . ,  i s  r a d i a l l y   e i t h e r   i n w a r d  or  outward,   while   they 

are both  outward or inward. When a small quadrupole is added t o  a p a r a l l e l  

d i p o l e   f i e l d ,   t h e   r e s u l t a n t   f i e l d   t e n d s   t o   h a v e   o n e   p o l e  weakened  and t h e  

o the r   s t r eng thened .   In   t he   equa to r i a l   p l ane ,   t he   r e su l t an t   dev ia t e s   t oward  

t h e  weaker po le .  
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The l i n e s  o f   f o r c e   o f   t h e  combined f i e l d s  are d i sp laced  

f rom  the   equa to r i a l   p l ane   t oward  a symmetry l a t i t u d e   t h a t  l i es  i n  t h e  

same hemisphere as t h e   s t r o n g e r   p o l e .   J u p i t e r ' s   q u a d r u p o l e   s t r e n g t h e n s  

t h e   n o r t h e r n   p o l e . 2  The s t r e n g t h  of the   quadrupo le   can   ea s i ly   be  

es t imated .  The l i n e s  o f   f o r c e  a t  2.5R are deviated  by 1?2  as a r e s u l t  

of the   quadrupole  component o f   t h e   f i e l d .  L e t  M1 = d i p o l e  moment and 

M2 = quadrupole moment. The r a t i o  of t h e i r   f i e l d   s t r e n g t h s  is as 

[M2/(2.5RJ)  ]/[Ml/(2.5RJ) 3 = 1?2/57?3.   Therefore ,  M / M  -(3/57.3)RJ = C.05RJ. 

I n  a more careful estimate Wilson (1968) d e r i v e s  M2/M1 = 0.057RJ. 

J 

4 3 
2 1  

This  same type   o f   d i scuss ion   app l i e s  as a general   boundary 

cond i t ion  on any f i e l d   i r r e g u l a r i t y   t h a t  may from time t o  time be  pro- 

posed t o   a c c o u n t   f o r   J u p i t e r ' s   p e c u l i a r   r a d i o   p r o p e r t i e s .  A s  an  extreme, 

suppose   t ha t   t he   quadrupo le  l i e s  on J u p i t e r ' s   s u r f a c e .  Then 

[M2/(1.5RJ) 4 ]/[M1/(2.5RJ) 3 1 = (1?2/57?3) or M2/M1%(1.8/57.3)(l.5/2.5I3R J '  

Th i s   va lue   fo r  M2 is one  order  of  magnitude smaller than   t he   p rev ious   one ,  

bu t  it shou ld   he   no ted ,   exp la ins   t he  effect  a t  only  one  e longat ion.   In  . 

other   words ,  a t  least  a second,   and   probably   severa l ,   quadrupole   o f   th i s  

same s t r e n g t h   w o u l d   h a v e   t o   b e   a r r a n g e d   a r o u n d   J u p i t e r   t o   e x p l a i n  t h e  

w ide   l ong i tude   r ange   ove r   wh ich   t he   f i e ld   d i s to r t ion   appea r s .  

T h e  s u r f a c e   f i e l d   s t r e n g t h   r a t i o   b e t w e e n   q u a d r u p o l e  and 

d i p o l e   f i e l d s  is  measured by t h e   r a t i o  M / M  R % 0 . 0 5 .  This   va lue  is q u i t e  

comparable t o   t h e   r a t i o   o f   t h e  terrestr ia l  d ipo le   and   quadrupo le   f i e lds .  

The d i f f e r e n c e   i n   p o l a r   f i e l d   s t r e n g t h s  is very small, i f  the   magne t i c  

po le s  are a t  t h e   c e n t e r   o f   J u p i t e r .  The q u a d r u p o l e   f i e l d   s t r e n g t h  i s  

2 1 J  

about  5 p e r  cen t  of t h e   d i p o l e   f i e l d   s t r e n g t h .   S i n c e  it adds   t o   one   po le  

a n d   s u b t r a c t s   f r o m   t h e   o t h e r ,   t h e   q u a d r u p o l e   r e s u l t s   i n  a d i f f e r e n c e   i n  

p o l a r   f i e l d   s t r e n g t h ,   t h e r e f o r e ,   o f   a b o u t  1 0  p e r  c e n t  o f   t he   ave rage   po la r  

f i e l d   s t r e n g t h .  

2. This conclusion is contrary  to  the one s tated by me (Warwick, 1967) .  
A correct analysis appears i n  W7:lson 1968. 



1 . 2 . 4  Most s tuden t s   o f   JEp i t e r ' s   r ad io   emis s ions   have   conc luded  

t h a t  i t s  high  f requency ( i . e . ,  decamet r i c )   r ad ia t ion   co r re sponds   c l c se ly  

t o  the   e l ec t ron   gy ro f requency  a t  t h e   p o i n t   o f   o r i g i n .  If t h i s  is s o ,  

t h e n   t h e  HF r a d i a t i o n  shows t h a t  as J u p i t e r   r o t a t e s   s t a r t i n g  a t  about 

Oo l o n g i t u d e ,   t h e  magnetic f i e l d   i n   t h e   s o u r c e s   s l o w l y   i n c r e a s e s   t o  a 

maximum v a l u e   o f  1 4 . 1  g a u s s   ( c o r r e s p o n d i n g   t o   e q u a t i n g   t h e   e l e c t r o n  

cyc lo t ron   f r equency   t o   t he   p rec i se   uppe r  L i m i t  o f   recorded   emiss ion  a t  

39.5 MHz). After t h i s  maximum, which   occurs   s tab ly  a t  about  140° t o  150° 

i n   l o n g i t u d e  X (1957 .0 )   i n  1962, t h e r e  is a h i a t u s   o f   e m i s s i o n  a t   a l l  

f r e q u e n c i e s   i n  a 20° r a n g e   v e r y   c l o s e   t o  180°, fol lowed by a s low  decrease 

i n   m a g n e t i c   f i e l d   o v e r   t h e   l o n g i t u d e   r a n g e  from 200° t o  360O. 

I11 

T h i s   p l a n e t a r y - s c a l e   v a r i a t i o n   a p p e a r s   w i t h o u t   e x c e p t i o n  

i n  a l l  d a t a .  I t  sugges t s  a smooth p l a n e t a r y   d i s t r i b u t i o n  of t h e   f i e l d ,  

r a t h e r   t h a n  a d i s t r i b u t i o n   s t r o n g l y   p e a k e d  a t  v a r i o u s   p o i n t s   J i s t r i b u t e d  

e i t h e r   i n  or c l o s e   t o   t h e   s u r f a c e   o f   J u p i t e r .   T h i s   i n t e r p r e t a t i o n   a p p e a r s  

s t i l l  t o   b e   c o n t r o v e r s i a l   ( s e e ,   e . g .  Ell is  , 1965) .  However, s i n c e  I 

first sugges ted  it i n  1960, I have  seen  the  discovery  of  a success ion  of 

phenomena t h a t   o n l y   s t r e n g t h e n e d  my b e l i e f .   A g a i n ,   t h e  smooth v a r i a t i o n  

of HF emission  on a p l a n e t a r y  scale s u g g e s t s   t h a t   t h e   f i e l d  is d i p o l a r .  

The s e n s e   o f   t h e   v a r i a t i o n s   r e v e r s e s   f o l l o w i n g   t h e  

long i tude   r ange   150°   t o  190°  (see Warwick, 1961) .  I t  appears   h ighly  

s i g n i f i c a n t   t h a t   t h i s   r e g i o n  i s  v i r t u a l S y   i d e n t i c a l  w i t h  t h e   l o n g i t u d e  

r e g i o n   i n  which J u p i t e r ' s   n o r t h e r n   d i p o l e   t i p  is p r e s e n t e d   t o   t h e   e a r t h .  

The e v i d e n c e   a g a i n s t   t h i s   c o n c l u s i o n  on t h e  p o l o i d a l  

c h a r a c t e r   o f   J u p i t e r ' s   f i e l d  starts w i t h   t h e  fac t  t h a t   t h e  HF r a d i a t i o n  

is  s t rong ly   po la r i zed   w i th   t he   r i gh t -hand   s ense  document. I n  i t se l f  

e v i d e n c e   t h a t   t h e   m a g n e t i c   f i e l d   p l a y s  a v i t a l   r o l e   i n   t h e   e m i s s i o n ,   t h i s  

fact  is a puzzle   f rom  the  point   of   view  that   only  one  magnet ic   pole  

( i . e .  , on ly   one   s ense   o f   po la r i za t ion )  seems t o   b e   m a n i f e s t   i n   t h e   d a t a .  

The conclusion  sof tens   toward  the lower f r e q u e n c i e s   o f   t h e  HF range,  

b u t  is  not   inva l ida ted   by   any   da ta  s o  far i n  hand. 



F u r t h e r   e v i d e n c e   a g a i n s t   t h e   g e n e r a l   p o l o i d a l   n a t u r e   o f  

t h e   f i e l d  as m a n i f e s t   i n  HF d a t a  i s  t h e  fact  t h a t   t h e   e m i s s i o n  seems t o  

concen t r a t e  in a f e w  " sources"   t ha t   appea r   on ly   w i th in   l imi t ed   l ong i tude  

r a n g e s .   I n   p a r t i c u l a r ,  two sources   predominate ,   one a t  e a s t e r n   e l o n g a t i o n ,  

and  another   about  4 5 O  after cloclcwise  cross-over.  (These are v a r i o u s l y  

ca l l ed   sou rce   one   and   sou rce  two, source  B and  source A ,  or e a r l y   s o u r c e  

and  main  source,   respect ively) .  The t o t a l   r a n g e   c o v e r e d  by t h e s e  two 

s o u r c e s ,   p l u s  a less d i s t i n c t   t h i r d   s o u r c e   ( s o u r c e  C or l a t e  s o u r c e ) ,  is 

less than   one   ro ta t ion ,   by   about  90  degrees .   In  f ac t  , most   data  con- 

c e n t r a t e   w i t h i n   a b o u t  looo, a t  source  two ( source  A or t h e  main source ) .  

I n   o t h e r   w o r d s ,   t h e   d i s t r i b u t i o n   o f   e m i s s i o n  i s  h i g h l y   l o p s i d e d ,   q u i t e  

un l ike  a symmetr ic   double- lobed   pa t te rn  as perhaps  might  be  expected from 

t h e   a l t e r n a t e   p r e s e n t a t i o n   o f  two magnet ic   po les .  

T h i s   p a t t e r n   s u g g e s t s   t o  many s t u d e n t s   t h a t  a magnetic 

anomaly is  superposed on t h e   p o l o i d a l   f i e l d   g e n e r a l l y   c o n c e d e d   t o   b e  

r e spons ib l e  for t h e   m o s t   o u t s t a n d i n g   c h a r a c t e r i s t i c s   o f   t h e   d e c i m e t r i c  

rad ia t ion .   This   anomaly ,   accord ing   to   wide   op in icn ,   governs  HF f requency ,  

p o l a r i z a t i o n  , and   l ong i tude   p rope r t i e s .  

While it seems clear t o  m e  t h a t   a n  anomaly  can  be  devised 

ad hoe t o   s o l v e  many ou t s t and ing   p rope r t i e s   o f   t he   emis s ion ,   t h i s   p rocedure  

serves   no   purpose   before  a thorough  working-out   o f   the   s impler   d ipole   f ie ld  

model. I t  may have  the r ea l  disadvantage oE over look ing   t he  common th reads  

tha t   connec t   dec imet r ic   and   decametr ic   emiss ions .   These ,  it appears ,  are 

c l e a r l y   r e c o g n i z a b l e   i n   b o t h  sets  of d a t a .  If noth ing  e l se ,  then  we should  

i n s i s t   t h a t   d e c a m e t r i c   t h e o r i e s  are cons i s t en t   w i th   obse rva t ions   no t   on ly  

i n   t h a t   f r e q u e n c y   r a n g e   b u t   a l s o  a t  t h e   h i g h e r   r a d i a t i o n   b e l t   f r e q u e n c i e s .  

The n e x t   s e c t i o n  1 .3 .1 ,  p rovides  an o u t l i n e   f o r  a con- 

s i s t e n t   d e c a m e t r i c   t h e o r y .  
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1.3 Location of current   sowees  wi thin  Jupi ter  

1.3.1 The s o u r c e s   o f   t h e   f i e l d ,  as i n f e r r e d   e x t e r n a l l y   f r o m  

radio   emiss ion ,   mus t  l i e  w i t h i n   t h e   p l a n e t .  A t  s tandard   t empera ture   and  

p res su re ,   t he   ene rgy   dens i ty   o f   t he   p l ane ta ry   a tmosphe re  is 1 0  e r g s  c m  . 
The f i e l d   e n e r g y   d e n s i t y   o n l y  amounts t o   a b o u t  5 e r g s  cm , bu t   equa l s  

the   a tmosphere ' s   energy   dens i ty   wi th in  a few hundred  ki lometers   above  the 

c louds .   This   range   of   Jupi te r ' s   a tmosphere  may no t   be   app rec i ab ly   i on ized  

s o  far as f i e l d  dynamics are concerned. A p o s s i b i l i t y  s t i l l  e x i s t s   t h a t  

a p p r e c i a b l e   f i e l d s  are genera ted  by t h e  s a t e l l i t e s ,  b u t   c e r t a i n l y   n o t  com- 

p a r a b l e   t o   t h e   m a i n   f i e l d .  The conclusion i s  i n e v i t a b l e   t h a t   t h e   f i e l d  

sources  l i e  be low  the   c loud   tops ,   wi th in   Jupi te r   where   bo th   ion iza t ion  

and   gas   k ine t i c   ene rg ie s  are f a v o r a b l e   t o   t h e   d e v e l o p m e n t   o f   n a t u r a l  

dynamos. 

6 -3 

-3 

With s o  much s a i d ,  there  is  l i t t l e  more t h a t   c a n   b e .  

Dynamo theo ry   r ema ins   t oo   p r imi t ive   t o   p rov ide  a d e d u c t i v e   b a s i s   f o r  

p r e d i c t i n g   m a g n e t i c   f i e l d s   i n   e v e n  well-known o b j e c t s ,   s u c h  as t h e  

i n s i d e s  of stars. For  e x a m p l e ,   t h e   e a r t h ' s   g e n e r a l   f i e l d  makes a poor  

analogue  on  which t o   d i s c u s s   t h e   t o p o l o g y  of t h e   s u n ' s   g e n e r a l   f i e l d .  

P e r h a p s   t h e   o r d e r   o f   m a g n i t u d e   o f   t h e   s o l a r   f i e l d   s t r e n g t h  can be  guessed 

a t  from t h e  case of t h e   e a r t h ,  as sugges ted  ea r l i e r  i n   t h i s   r e p o r t .  

N e v e r t h e l e s s ,   t h e   s h a p e   o f   t h e   s o l a r   f i e l d ,   a n d   e s p e c i a l l y  i ts  v a r i a b i l i t y ,  

do no t   appea r   t o   r e semble   t he  terrestr ia l  f i e l d .  

The i n t e r i o r   d e n s i t y ,   p r e s s u r e ,   a n d   c o n d u c t i v i t y   o f  

t h e  sun are known, a long   w i th   t he   p rope r t i e s   o f  i t s  surface magnetic 

f i e l d .  Where t h e   f i e l d   c u r r e n t s  l i e  is unknown, however ,   wi thin a wide 

range of  poss ib i l i t i e s .   P re sen t -day   t heo ry   (S ta r r   and   G i lman ,  1968)  

i s  b e g i n n i n g   t o   p r o v i d e   i n s i g h t s   i n t o   t h e   r e v e r s i b i l i t y   o f   t h e   s o l a r  

f i e l d ,  and  suggests  a dynamo n e a r   t h e   s u r f a c e .  
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For J u p i t e r  a wide   r ange   o f   poss ib i l i t i e s   has   been   d i s -  

c u s s e d   i n   b o t h   i n t e r n a l   s t r u c t u r e   a n d  electrical  c o n d u c t i v i t y . .  I t  

a p p e a r s   t o  m e  t h a t  i f  anything is s e l f - e v i d e n t ,  it is t h a t   a n   i n t u i t i v e  

a s sumpt ion   o f   po lo ida l   symmet ry   based   on   cu r ren t s   i n   t he   deep   i n t e r io r  

is no less s p e c u l a t i v e   t h a n  an a s s u m p t i o n   t h a t   t h e   c u r r e n t   s o u r c e s  l i e  

i n   t h e   s u r f a c e   o f   J u p i t e r .   T h e r e  is no t h e o r e t i c a l   b a s i s  on  which t o  

exclude  even  what may be   ou t r ageous   f i e ld   mode l s   f rom  o the r   po in t s  of 

view. 

1 .3 .2  Some f e a t u r e s   o f   J u p i t e r ' s   a t m o s p h e r e ,   p a r t i c u l a r l y   t h e  

Great Red Spo t ,  seem t o   p o s s e s s   t h e   k i n d   o f  permanence w e  should l i k e  

t o   a s c r i b e   t o   t h e   g l o b a l   p l a n e t a r y   m a g n e t i c   f i e l d .  A t  t h e   o u t s e t   o f  

HF s t u d i e s   o f   J u p i t e r ,  a chance  coincidence  between  central   meridian 

passage of t h e  GRS and   o f   t he  times of   observa t ion  of r a d i o   b u r s t s  

seemed t o   s u g g e s t  a c o n n e c t i o n   t h e r e .   I n d e e d   t h e   r a d i o   r o t a t i o n   p e r i o d  

c lear ly   be longs   wi th in   the   fami ly   o f   Sys tem 11, the   nomina l   ro t a t ion  

pe r iod   appropr i a t e   t o   Jup i t e r ' s   t empera t e   zone   a tmosphe r i c  phenomena. 

The s t a b i l i t y   o f   r o t a t i o n   p e r i o d   o f  HF r ad ia t ion   sug -  

g e s t e d   t o   t h e   e a r l y   o b s e r v e r s   t h a t  it c o r r e s p o n d s   t o   t h e   r o t a t i o n   o f  

t h e   s o l i d   p l a n e t .   P e r h a p s  i t  r e p r e s e n t s  a supe r f i c i a l   vo lcano ,   wh ich  

n o t   o n l y   r o t a t e s   s t a b l y   b u t   a l s o   s i n g l e s   o u t  a narrow  longi tude  range 

l i k e  t h e  main source .   That   po in t   o f   v iew  appears   today   essent ia l ly  

i r r e l e v a n t ,   i n   c o n s i d e r a t i o n   o f   t h e   s t r o n g   r o l e   p l a y e d  by the   magnet ic  

f i e l d  . 

The p o s s i b i l i t y   o f   i n t r i n s i c   v a r i a t i o n s   i n   t h e  ra te  o f  

r o t a t i o n   o f   t h e   m a g n e t i c   f i e l d  is very real ,  a n d   J u p i t e r   o b s e r v e r s  are 

a ler t  t o  examining   the i r   da ta   f rom  th i s   po in t   o f   v iew.   In  f a c t ,  t h e  

nomenc la tu re   chosen   t o   desc r ibe   t he   cu r ren t ly   conven t iona l   r ad io   pe r iod ,  

PIII(1957.0),   emphasizes i t s  epocha l   cha rac t e r .  The first c a r e f u l  

measurement   of   the   per iod,   over  a s u f f i c i e n t l y   l o n g   i n t e r v a l   t o   e s t a b l i s h  

i ts  va lue  t o  w i t h i n  0 . 1 ,  de te rmined   the   va lue  9 55  29.37; t h i s   p e r i o d  

now is the   bas i s   o f   ephemera l   l ong i tudes  X (1957 .0 )   i n   t abu la t ions  by 

t h e  U.  S. Naval  Observatory. The base   i n t e rva l   ex t ends   f rom  1950   t o  

S h m s  

I11 
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1960 ,   and   con ta ins   p re -d i scove ry   obse rva t ions   on ly   i n   1950   and   1951 ,  

t hen  a gap un t i l   1954 .   Pos i t i ons   s ince   1960   bu t   based   on   AI I I (1957 .0 )  

i n  a real sense  are e x t r a p o l a t i o n s .  

D e s p i t e   t h e  fact t h a t   s i n c e   1 9 6 1   d a t a   d e p a r t   s y s t e m a t i c a l l y  

from  System  III(1957.0) it still p rov ides  a tho rough ly   adequa te   bas i s  

f o r   p r e s e n t a t i o n   o f   d a t a   o v e r  a s h o r t   i n t e r v a l ,   n o t   e x c e e d i n g ,   s a y ,   o n e  

or two y e a r s .  The depa r tu re  re la tes ,  i n  a l l  p r o b a b i l i t y   t o  effects cn 

t h e   l o n g i t u d e s   o f   t h e   r a d i o   s o u r c e s  of t h e   c h a n g i n g   i n c l h a t i o n   o f  

J u p i t e r ' s   a x i s   t o   t h e   s i g h t l i n e .  The g ross  rate of occur rence   o f  HF 

e m i s s i o n   v a r i e s   w i t h   t h e  same pe r iod  as t h e   a x i a l   i n c l i n a t i o n ,   t h a t  i s ,  

i n  1 1 . 9  y e a r s ,   t h e   o r b i t a l   r e v o l u t i o n   p e r i o d   o f   J u p i t e r .   I n  a classic 

co inc idence ,   th i . s   va lue   approximates   the   sun-spot   cyc le .   Therefore  , 
J u p i t e r  HF d a t a   v a r y   i n   a n   1 1 - y e a r   p e r i o d   n o t   o n l y   b e c a u s e   t h e   e a r t h ' s  

b n o s p h e r e  makes obse rva t ions  a t  maximum more d i f f i c u l t ,   b u t   a l s o   b e c a u s e  

i n t r i n s i c a l l y  less r a d i a t i o n  i s  then  beamed toward   t he   ea r th .  

Recent   t reatments  of t he   p rob lem  o f   de t e rmin ing   Jup i t e r ' s  

magnet ic   ro ta t ion   per iod   therefore   emphas ize   the   impor tance   o f   t ak ing  

r o t a t i o n   a x i s  tilt v a r i a t i o n s   r n t o   a c c o u n t   a n d   h a v e   r e s u l t e d   i n  a neN 

v a l u e   f o r   t h e   p e r i o d ,  9 55  29.70 ItOS05. Th i s   pe r iod  also p r o v i d e s   t h e  

b e s t  f i t  t o   d e c i m e t r i c   d a t a   b a s e d  on   c ross -over   longi tude   de te rmina t ions  

from  1953  through 1968. 

h m s  

Throughout   the  twelve-year   revolut ion of  J u p i t e r   t h e  

sources   main ta in  a recognizable   and similar p a t t e r n  as a f u n c t i o n   o f  

J u p i t e r s ' s   r o t a t i o n a l   l o n g i t u d e .  But d.ata b.ecome s t r i k i n g l y  less f r e q u e n t  

a t  times of   sunspot  maxima,  which ( i n   t h e  mid-20th  century)   coincide  with 

times when the   sou th   end  of  J u p i t e r ' s   r o t a t i o n a l   a x i s   p o i n t s   t o w a r d   t h e  

e a r t h .  The o c c u r r e n c e   p r o b & i l i t y  i s  t h e r e f c r e  a s i n e  wave whose p e r i o d  

i s  t h e   o r b i t a l   p e r i o d   o f   J u p i t e r   ( p r e s u m a b l y  i t s  s i d e r e a l   v a l u e ,   s i n c e  

t h e   i n v a r i a n t   ( n o n - p r e c e s s i n g )   r o t a t i o n   a x i s  is invo lved) .  
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If t h e   m a g n e t i c   f i e l d  were symmet r i ca l   a round   t he   ro t a t iona l  

e q u a t o r ,   n o   d i f f e r e n c e   i n   o c c u r r e n c e  s ta t is t ics  could   appear   dur ing   suc-  

c e s s i v e . h a l v e s   o f   o n e   r e ; r o l u t i o n .   P o l a r i z a t i o n  phenomena would,  on t h e  

o the r   hand ,   r eve r se   i n   t hese   phases .  The "sunspot  cycle' '  e f fect ,  a s i n g l e -  

peaked  curve  of rate o f   occu r rence   du r ing   Jup i t e r ' s   r l evo lu t ion ,  becomes 

f u r t h e r   e v i d e n c e   f o r  asymmetry of t h e  f i e l a  between  the  north-south 

hemispheres.  

1.3.3 The phemomenon c a l l e d  "beaming" refers t o   t h e   s t r o n g  

r o t a t i o n a l  effects obse rved   i n   synopses   o f   decamet r i c   da t a   e i t he r  a t  s i n g l e  

or m u l t i p l e   f r e q u e n c i e s .  The rate of   occurrence  of   emission is much h i g h e r  

a t  some l o n g i t u d e s   t h a n  a t  o t h e r s .  A t  i ts  maximum the  change of occurrence 

rate is  a t  least two p e r   c e n t   p e r   d e g r e e   o f   r o t a t i o n   i n   s i n g l e   f r e q u e n c y  

data   analyzed by  means of   composi te   dynamic  spectra   (see Warwick, 1963a) .  

Along  with t h i s  sha rp ly   de f ined   beaming   i n to   p re sc r ibed  

long i tude   r anges ,   t he re   goes   an   equ iva len t ly   sha rp  "beaming" in to   nar row 

s p e c t r a l   r e g i o n s  (see Sec t ion  1 . 1 . 4  above);   the   bandwidth  f requent ly  i s  

only a f e w  hundred kHz, o r  less.  A s  I suggested  above , t h i s   na r row a 

f requency   range   impl ies   tha t   an   ex t remely   nar row  range   of   rad ia l   d i s tances  

is invo lved   i n   t he   sou rce .   Because   o f   t he   r ap i .d   dec rease   o f   f i e ld   s t r eng th  

as a f u n c t i o n   o f   d i s t a n c e   f r o m   t h e   p l a n e t ,   n o  more than  a few hundred 

k i lome te r s   can   s imul t aneous ly   c r ea t e   r ad ia t ion   i n   one   o f   t hese   na r row 

band  events .  

The narrow  bandwidth  emission  occurring  repeatedly a t  given 

longi tude   a rgues   s imply   and   d i rec t ly   tha t   the   reg ion   of   e rn iss ion  i s  t h e  

p lane t ' s   a tmosphere .  

The d i r e c t i o n  of propagat ion  obviously relates t o   t h e  

d i r e c t i o n  of t h e   l i n e s   o f   f o r c e .   O c c u l t a t i o n  of r a d i a t i o n  by t h e   p l a n e t  

itself cannot   provide a narrow  band  source  in  any  reasonable  model.  

Sources  appear  and  disappear as t h e   l i n e s  of foPce come i n t o   a p p r o p r i a t e  

g e o m e t r i c a l   r e l a t i o n s   t o   t h e   s i g h t l i n e .   O t h e r   f a c t o r s ,   f o r   e x a m p l e ,   e v e n  

i n c l u d i n g   e x t e r n a l   s t i m u l u s  by t h e   G a l i l e a n  sa te l l i t e  I o ,  do no t   p l ay  a 

more fundamenta l   ro le .  
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The range  of d i r e c t i o n s   i n t o  which r a d i a t i o n   p r o p a g a t e s  

must   be  narrow  in  some sense .  

For example ,   suppose   tha t  a source  emits a t  r i g h t   a n g l e s  

t o   t h e   l o c a l   m a g n e t i c   f i e l d  a t  a p o i n t   w h e r e   t h e   f i e l d   p a r a l l e l s   t h e  

r o t a t i o n   a x i s .  The r e s u l t i n g   r a d i a t i o n   c o u l d   b e   v i e w e d   o v e r  a large 

range  of long i tudes .  A s  a way of   coping   wi th   th i s   p roblem,  w e  can  imagine 

t h e   f i e l d   i n c l i n e d   t o   t h e   r o t a t i o n   a x i s .  The s i g h t l i n e  l i e s   a t  r i g h t  

a n g l e s   t o   t h e   m a g n e t i c   f i e l d  a t  only two longi tudes   spaced  180° where 

emission  can  be  viewed. 

This  model for t he   emis s ion  i s  suggested  by some o f   t h e  

fea tures   o f   Io-cont ro l led   decametr ic   emiss ion   (Davis ,   1965 o r  Dulk,  1965; 

a l s o  see below).   Emission  control led by Io  propagates   s imul taneous ly  

i n t o  two d i r e c t i o n s   s p a c e d   a b o u t  1 2 0  d e g r e e s   i n   t h e   e c l i p t i c   p l a n e .  Sup- 

p o s e   t h a t   t h e   l i n e  of f o r c e  a t  t h e   e m i s s i o n   p o i n t  i s  i n c l i n e d  48 degrees  

t o   t h e   r o t a t i o n   a x i s   ( i t s e l f   i n c l i n e d  3 d e g r e e s   t o   t h e   n o r m a l   t o   t h e  

e c l i p t i c   p l a n e ) .   S u p p o s e   t h a t   t h i s   l i n e   o f   f o r c e   p a s s e s   t h r o u g h   I o .  

Emission  goes  into a conica l ,   cuf f -shaped  beam i n   s p a c e .  The angle  between 

t h e   s i g h t l i n e   a n d   t h e   l i n e   o f   f o r c e  on  which  emission is assumed t o  l i e  

i s  66O, and is less than  2 5 O  f r o m   t h e   d i r e c t i o n  a t  r i g h t   a n g l e s   t o   t h e  

m a g n e t i c   f i e l d   i n   t h e   s o u r c e .  

The p r i n c i p a l   f e a t u r e s   o f   t h i s  model are t h a t ,  on the  one 

hand ,   on ly   t he   l i ne   o f   fo rce   t h rough  Io  (Goldreich  and  Lynden-Bell,  1969) 

is  invo lved   i n   emis s ion ,   and   on   t he   o the r ,   t ha t   r ad ia t ion   goes   i n to  all 

a z i m u t h a l   d i r e c t i o n s   a r o u n d   t h e   l i n e   o f   f o r c e   a n d  l ies  a t  a large ang le  

from it. A f u r t h e r   v i r t u e   o f   t h e  model is t h a t   o n l y  a very small "point"  

source  of   emission is c r e a t e d ,   a n d   t h i s  may well  b e   r e q u i r e d   t o   s a t i s f y  

decamet r i c   sou rce   s i ze   obse rva t ions .  

I have on o t h e r   o c c a s i o n s   e m p h a s i z e d   t h e   p o s s i b l e   i n t e r -  

p re t ive   advan tages  of a mode l   where   emis s ion   o r ig ina t e s   a long   t he   l i nes  

o f   f o r c e .  Only a p e n c i l   o f   r a d i a t i o n   o r i g i n a t e s   f r o m  a g i v e n   p o i n t  on 

t h e   p l a n e t .  Whether w e  r e c o r d   t h a t   r a d i a t i o n  or not   depends  on  whether  
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t h e   e a r t h  l ies  w i t h i n   t h e   p e n c i l  a f t e r  it l e a v e s   t h e   v i c i n i t y  of J u p i t e r .  

That   two  direct ions of emission are exc i t ed   s imul t aneous ly  is  a r e s u l t  

of t h e   ( p o s t u l a t e d )   g r e a t   e x t e n t  i n  long i tude   a long  which I o ' s   i n f l u e n c e  

on Jupi te r ' s   a tmosphere   ex tends  a t  any moment. Whether t h e   e a r t h   r e c e i v e s  

any  radiat ion  depends on w h e t h e r   J u p i t e r ' s   a s p e c t . i s   a r r a n g e d  so  t h a t   t h e  

l i n e s  o f   f o r c e  i n  t h e   s o u r c e   l a t i t u d e s   p o i n t  a t  t h e   e a r t h  or b e a r  a s imple 

r e l a t i o n   t o   t h e   e a r t h .  3 

In   o the r   mode l s ,  less d e t a i l e d   p r o p e r t i e s   o f   t h e   e m i s s i o n  

appea r   t o   be   emphas ized .   In  many mode l s   dev ia t ions   o f   t he   f i e ld   f rom 

d i p o l a r  are in t roduced  ad hoe. A t  one time I cons ide red   cons t ruc t ing  a 

model i n  w h i c h   t h e   f i n e   s t r u c t u r e   o f   t h e   f i e l d  is s o  compl ica ted   tha t   each  

p o i n t  on t h e   s u r f a c e  creates emission a t  a d i f f e r e n t   c h a r a c t e r i s t i c  

f requency   and   d i rec t ion .  The  datum  would  be the  permanent  dynamic  spectrum; 

t h e   p r o b l e m   o f   u n i q u e n e s s   o f   t h e   r e s u l t i n g   f i e l d   c o n f i g u r a t i o n   a p p e a r s   t o  

me unwieldy. I r e j e c t e d   t h i s  model when it became clear t h a t  beaming pro- 

p e r t i e s  of t h e   r a d i a t i o n   d e f i n e   d i r e c t i o n s   n o  more p r e c i s e l y   t h a n   t o   w i t h i n  

a f e w  degrees .   This  becomes a severe   l imi ta t ion   on   models ,   because  it 

i m p l i e s   i n t e g r a t i o n   o v e r   t h e   c o n v o l u t i o n s   o f   t h e   f i e l d   c o v e r i n g  a consider-  

a b l e   a r e a   o f   t h e   p l a n e t .  

The same o b j e c t i o n   h o l d s   f o r   t h e   w i d e   r a n g e   t h a t  is impl ied  

by t h e  model of a n   e q u a t o r i a l l y  beamed r a d i a t i o n   p a t t e r n   a r o u n d   t h e   f o o t  

of   the  l i n e  o f   fo rce   t h rough   Io .   Th i s   l i ne  of f o r c e   h a s   t o   b e   s i n g l e d   o u t  

o f   t h e   e n t i r e   p o l a r   c a p f u l   o f   l i n e s   o f   f o r c e  as tha t   one  which emits toward 

t h e   e a r t h  when I o  l ies on it. L i n e s   o f   f o r c e   i n   t h e   g e n e r a l   v i c i n i t y   o f  

t h i s  one a l s o  may b e   t h e   I o   l i n e  of f o r c e  a t  o t h e r   a s p e c t s   o f   J u p i t e r .  

When t h e   l o n g i t u d e   r e l a t i o n s  are co r rec t   t hey   shou ld   p roduce   Io - r e l a t ed  

emiss ion   a l so   and  it w i l l  be   observed  on  ear th .  To be more s p e c i f i c ,  

3. Such us baing  the  ref lect ion of the   s ight l ine.   That  is, radiat ion 
beamed inward aZong the  Zines of force may r e f l e c t  off the  pZanet, 
e.  g . ,  i t s  ionosphere,  cZouds, or surface,  enroute t o   t h e   e a r t h -  
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c o n s i d e r  a centered   d ipole   model .  * The f a m i l y   o f   l i n e s   o f   f o r c e   t h a t  

pas s   t h rough   Io  a t  some time d u r i n g   J u p i t e r ' s   r o t a t i o n  l ies a long  small 

circles, one i n   t h e   n o r t h e r n ,   t h e   o t h e r  i n  the  southern  hemisphepe.  

Around  each l i n e   o f   f o r c e  we c o n s t r u c t  a "cuff" ( a  c o n e )   f l a r i n g   o u t  t o  

an  angle   of  66O f r o m   t h e   l i n e   o f   f o r c e .  The ea r th   cu t s   acposs   one   o f  

t h e s e   c u f f s  a t  two po in t s   spaced  120° i n   l o n g i t u d e .  I t  also,   however ,  

i n t e r s e c t s   e v e r y   o t h e r   c u f f  as well, in   bo th   hemispheres ,   nor th   and   south ,  

u n l e s s   t h e r e  are ve ry   l a rge   non-d ipo la r   pe r tu rba t ions  of t h e   f i e l d  on a 

p l a n e t a r y  sca'le. The small segment of a lmos t   aay   l i ne   o f   fo rce   nea r   t he  

atmosphere will l i e  i n   t h e   p l a n e   o f   t h e   s k y  a t  two l o n g i t u d e s   o f   J u p i t e r  

s e p a r a t e d  by 180O. Only those   ve ry   nea r   t he   po le s   e scape   t h i s   cond . i t i on .  

Io- re la ted   emiss ion   should   then   appear  a t  a l l  l o n g i t u d e s ,   b u t  it does  not .  

The emiss ion   processes   appear  t o  s i n g l e   o u t  more s e n s i t i v e l y   t h a n   t h i s  

t h e   l i n e   o f   f o r c e   t h a t  is favored a t  any moment. We t h e r e f o r e   r e c o n s i d e r  

t he   bas i c   imp lLca t ions  of beaming. 

If t h e   d i r e c t i o n  of t h e   l i n e   o f   f o r c e  is invo lved   t hen   t he  

pat tern  depends on how c l o s e   t o   t h e   f i e l d   d i r e c t i o n   t h e   e m i s s i o n   a c t u a l l y  

l i e s .  @ n l y  one l i n e   p o i n t s   t o w a r d   t h e   e a r t h   i n  t h e  e c l i p t i c   p l a n e   f r o m  

each  hemisphere a t  any moment. T h i s   l i n e  of f o r c e   s t a n d s   i n  no p a r t i c u l a r  

r e l a t ion   t o   Io .   Obv ious ly   no r th - sou th  asymmetry p l ays  a r o l e ,   s i n c e  

emission  from  both  hemisphere  does  not  appear  simultaneously.  5 

I t  is i m p o r t a n t   t o  t a k e  i n t o   a c c o u n t   t h e   f r a c t i o n  cf 

J u p i t e r ' s   e n i s s i o n   t h a t   d o e s   n o t   c o r r e l a t e   w i t h   I o ' s   p o s i t i o n ,  or any 

o t h e r  s a t e l l i t e ' s .  This  lack of c o r r e l a t i o n   m a i n t a i n s  i t se l f  d e s p i t e  

t h e  fac t  tha t   t he   Io - independen t   r ad ia t ion   exh ib i t s   ve ry   c lose   dependence  

on r o t a t i o n   j u s t  as t h e   I o - r e l a t e d   e m i s s i o n  does. Even t h e   l o n g i t u d e  

p r o f i l e   o f   I o - i n d e p e n d e n t   r a d i a t i o n  resembles the   Io-dependent   rad ia t ion ,  

p a r t i c u l a r l y   t h e   r a p i d  increase o f   r a d i a t i o n   p r o b a b i l i t y  on t h e   e a r l y   s i d e  

o f   t he   ma in   peak .   Th i s   r ap id   i nc rease   has   p rec i se ly   t he  same l a n g i t u d e  

5. That is t rue  i n  any ease, for ezampls, aZso i n  the  ease  of  equatoriaZZy 
beamed radiation. 
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a n d   t h e   e n t i r e  main  peak  has  the same r a n g e   i n   l o n g i t u d e ,   i n   b o t h  

Io-connected  and  Io-independent  emissions  (Wilson, e t  a l . ,  1968a).  

Th i s   Io - independen t   " f i f t h   sou rce"   d i f f e r s   f rom  Io -  

r e l a t e d   m a i n   s o u r c e   e m i s s i o n   i n   t h e   i m p o r t a n t   s e n s e   t h a t  i t s  frequency 

range is e s s e n t i a l l y   r e s t r i c t e d   b e l o w   a b o u t  28 MHz; Io - r e l a t ed   emis s ion  

i n   t h e  main  peak  extends t o   a b o u t  34 MHz i n   t h e  most   favorable   longi-  

t udes .  Also, Io- independent   f i f th   source   emiss ion   does   no t   occur  a t  

a l l  above a very low frequency,  1 5  t o  20 MHz, i n   t h e   e a r l y   s o u r c e .  

The fact that   Io- independent   emission  occurs   abundant ly  

i n   t h e   s h a r p l y   d e f i n e d  main  peak means t h a t  a wide  range  of   longi tudes 

in   t he   magne tosphe re   con ta ins  phenomena l i k e   t h o s e   d u e   t o   I o  i t se l f .  I t  

is  even a p o s s i b i l i t y   t h a t   I o ' s   d i s t u r b a n c e   e x c i t e s   t h e   p l a s m a   w i t h i n  

e s s e n t i a l l y  360° of   l ong i tude   a round   Jup i t e r .  

One n a t u r a l   b a s i s   f o r   d i s c u s s i n g   t h e   p o s i t i o n   o f  HF 

sources  i s  t o   s u p p o s e   t h a t   a n   L - s h e l l   o f  some p a r t i c u l a r   v a l u e  is s i n g l e d  

o u t  as t h e   s o u r c e  for a l l  o f   t h e   r a d i o   e m i s s i o n  w e  see i n   t h e   e c l i p t i c .  

Obvious ly   Io ' s   L-she l l  i s  h i g h l y   e l i g i b l e .  I t  i n t e r s e c t s   t h e   s u r f a c e  

o f   J u p i t e r  a t  zenomagne t i c   l a t i t ude  64O, i n  a p l ane t - cen te red   d ipo le ;  

a t  t h a t   p o i n t  on t h e   s u r f a c e ,   t h e   l i n e   o f   f o r c e  l ies  about 1 2 O  t o   t h e  

e q u a t o r i a l   s i d e   o f   t h e   z e n i t h .  The f i e l d   t h e r e f o r e  is poin ted  5 2 O  above 

t h e   e c l i p t i c   p l a n e ,   p l u s  or minus t h e   i n c l i n a t i o n   a n g l e s   o f   t h e   d i p o l e  

a x i s   a n d   t h e   r o t a t i o n   a x i s .  

Consider a cen te red   d ipo le  model aga in .  The p o r t i o n   o f  

d i p o l e   l i n e s   o f   f o r c e   t h a t   p a r a l l e l   t h e   m a g n e t i c   e q u a t o r i a l   p l a n e  l i e  

a t  l a t i t u d e  35O , n o r t h  or south .  From t h e   s u r f a c e  a t  t h i s   l a t i t u d e   t h e  

l i n e s   o f   f o r c e   c r o s s   t h e   e q u a t o r i a l   p l a n e  a t  1.49R J' 

My conclusion is t h a t   t h e   o b v i o u s   c a n d i d a t e   l i n e s   o f  

f o r c e   i n v o l v e d   i n   t h e   e m i s s i o n  f a i l  t o   q u a l i f y   u n d e r   g e o m e t r i c a l   s c r u t i n y .  

There is n o t h i n g   s p e c i a l   a b o u t   e i t h e r   t h e   I o - L - s h e l l ,  or t h e   L - s h e l l  
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whose l i n e  of f o r c e  a t  J u p i t e r ' s  surface p o i n t s   t o w a r d   t h e   e a r t h .   F u r t h e r -  

more ,   t he   Io - independen t   emis s ion   sugges t s   t ha t   even   Io ' s   l ong i tude  is  n o t  

a n   e s s e n t i a l  component. 

Under t h e s e  circumstances, it is s t i l l  u s e f u l   t o   r e t a i n  

t h e   i d e a   t h a t  a s p e c i a l   L - s h e l l  i s  involved ,   and   to   de te rmine   where  it is  

by means o f   t he   h igh ly   spec ia l i zed   geomet ry  shown in   decamet r i c   emis s ion .  

S ince  a p e n c i l   o f   r a d i a t i o n  i s  i n v o l v e d ,   r a t h e r   t h a n  a c o n i c a l   s h e e t ,   t h e  

d i r e c t i o n   p a r a l l e l   t o   t h e   l i n e s   o f   f o r c e  is r e a l l y   t h e   o n l y   s p e c i a l   d i r e c t i o n  

def ined  by t h e   f i e l d   t h a t  i s  n a t u r a l   t o   t h e   p r o b l e m .   T h i s   i m p l i e s   t h a t   f o r  

us t o   o b s e r v e   e m i s s i o n ,   t h e   f i e l d  must e i t h e r   b e   n o n - p o l o i d a l ,  or t h a t   t h e  

emis s ion   does   no t   p ropaga te   d i r ec t ly   ou t   a long   t he   l i nes   o f   fo rce .  The 

o n l y   s u r f a c e   f i e l d   l i n e   t h a t   p o i n t s   t o   t h e   e a r t h   i n  a d i p o l e  i s  an un in te r -  

e s t i n g  one  f rom  the  point   of  view o f  i ts  L-she l l ;  by d i s t o r t i n g   t h e   f i e l d  

J u p i t e r  may produce   emiss ion   tha t  comes from a more s a t i s f y i n g   L - s h e l l .  

T h i s   p o s s i b i l i t y  is , however ,   s eve re ly   l imi t ed   by   t he   obse rved   pu r i ty   o f   t he  

J u p i t e r   d i p o l e .  

We are l e f t  w i t h   j u s t  one p a r a d o x i c a l   p o s s i b i l i t y ;   t h a t   t h e  

emis s ion   does   no t   p ropaga te   ou t   a long   t he   l i nes   o f   fo rce  even though it 
is generated  along  them. 

This   combinat ion  of   c i rcumstances  led m e  t o   c o n c l u d e   t h a t  

t h e   e m i s s i o n   r e f l e c t s   f r o m   t h e   s u r f a c e   o f   J u p i t e r ,   a n d   t h a t   t h e   d i p o l e  

is  no t   cen te red   w i th in   t he   p l ane t .  I have shown t h a t  a d e t a i l e d  model 

b u i l t  on th i s   p remise   can   be   cons t ruc ted   wi th   the   L-she l l s   be tween 2RJ and 

3RJ as t h e   a c t i v e   r e g i o n s  of the  magnetosphere.  I proposed   the  model 

before   any asymmetry in   dec imet r ic   emiss ion   had   been   d i scovered ,   and   before  

I o ' s  effects were known. I t  i s  i m p o r t a n t   t o   u n d e r s t a n d   t h e   e x t e n t   t o  which 

t h i s  model i s  t o d a y   v e r i f i e d .  

I showed above t h a t  a s t rong  southward  displacement   of  

t he   d ipo le   and  a small displacement away from t h e   a x i s  of r o t a t i o n ,   a n d  

toward   t he   su r f ace   i n   r ad io   l ong i tude   AI I I (1957 .0 )~2000  is  r e q u i r e d   t o  

i n t e r p r e t   t h e   d e c i m e t r i c   a s y m m e t r i e s .   T h i s  is an   exac t   desc r ip t ion  of 

t h e   l o c a t i o n  I i n f e r r e d   t o   i n t e r p r e t   d e c a m e t r i c   e m i s s i o n  phenomena i n   t h e  

L-she l l   range  2R t o  3RJ, a l though my reasons  were more r e s t r i c t i v e .  J 
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The southward   d i sp lacement   o f   the   d ipole  is  a consequence 

o f   t h e   s l o w l y   d r i f t i n g   f r e q u e n c y   o f   e m i s s i o n   i n   t h e   e a r l y   a n d  main sources ,  

c o u p l e d   w i t h   t h e   r e f l e c t i o n   c o n d i t i o n .  The emission arises from a r eg ion  

n o t  far n o r t h   o f   J u p i t e r ' s   r o t a t i o n a l   e q u a t o r .  

The s e n s e   o f   p o l a r i z a t i o n   o f   t h e   e m i s s i o n   i n   t h e   d i r e c t i o n  

o f  i t s  gene ra t ion   be fo re   r e f l ec t ion   fo l lows   f rom  the   obse rva t ions .   R igh t -  

handed after r e f l e c t i o n ,   t h e   e m i s s i o n  is l e f t - h a n d e d   b e f o r e   r e f l e c t i o n .  

The r e f l e c t i o n  i tself  undoubtedly   occurs   in  a magneto-active 

medium; i f  t h e  waves o r i g i n a t e   i n   j u s t  one   o f   t he  two c h a r a c t e r i s t i c  modes 

f o r   t h e  medium, it can   be   expec ted   tha t  a f t e r  r e f l e c t i o n ,   b o t h   c h a r a c t e r -  

i s t i c  modes are e x c i t e d .  T h a t  i s ,  mode coupl ing  occurs a t  r e f l e c t i o n .  

S i n c e   t h e   o b s e r v e d   r a d i a t i o n  i s  o f t e n ,  or u s u a l l y ,   e l l i p t i c a l l y   p o l a r i z e d  

there   might  seem t o  be a b a s i s   f o r   e x p e c t i n g  a J u p i t e r   F a r a d a y   e f f e c t  

l i k e   t h a t   i n   t h e   e a r t h ' s   i o n o s p h e r e .  The obse rva t ions  show t h a t   t h e   J u p i t e r  

p o l a r i z a t i o n   e l l i p s e   r o t a t e s ,   b u t   s o l e l y  due t o   t h e  t e r res t r ia l  effect ;  

o b s e r v a t i o n a l l y   t h e r e  i s  no "room" f o r  a J u p i t e r   r o t a t i o n   e v e n   r e m o t e l y  

comparable t o   t h a t   i n   t h e   e a r t h ' s   a t m o s p h e r e .   T h i s   s u g g e s t s   t h a t   t h e  

o b s e r v e d   e l l i p t i c a l   r a d i a t i o n  is  a base mode o f   t he   emis s ion .  

I n  f ac t ,  a Jupi te r   Faraday   e f fec t   has   been   observed  on one 

occas ion   and   in  a way t h a t   c o n f i r m s   b o t h   t h e   e x i s t e n c e   o f  a r e f l e c t i o n  

e f fec t ,  a n d   o f   e l l i p t i c a l   b a s e  modes. This  Faraday effect  r e s u l t s  from 

t h e   i n t e r a c t i o n   o f   e l l i p t i c a l l y   p o l a r i z e d   b a s e  modes. What happens is 

t h a t   t h e  sense o f   r o t a t i o n  of the   E -vec to r   r eve r ses  as a func t ion   o f  

f requency.  The r equ i r ed   base  modes are e l l i p t i c a l ,   n o t   o r t h o g o n a l   l i n e a r ,  

b e c a u s e   t h e   o n e   c i r c u l a r   s e n s e   ( l e f t - h a n d e d )  is  never  a t  i ts  maxima, as 

i n t e n s e  as t h e   o t h e r   ( r i g h t - h a n d e d )  a t  its maxima. 
I 

This  Faraday effect conf i rms   t he   ex i s t ence   o f  a r e f l e c t i o n ,  

or a t  least  a mode coupl ing similar t o  a r e f l e c t i o n .   I n   g e n e r a l ,  a very 

s h a r p   r e f l e c t i n g   l a y e r   r e p r o d u c e s   i n   t h e   r e f l e c t e d  wave t h e  mode o f   t h e  

i n c i d e n t  wave. For Jupi te r ,   normal ly   on ly   one  mode e x i s t s ,   r i g h t - h a n d e d  
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e l l i p t i c a l ,   a n d   t h i s   s u g g e s t s   t h a t   t h e   i n c i d e n t  wave be fo re   expe r i enc ing  

clean r e f l e c t i o n  is  l e f t - h a n d e d   e l l i p t i c a l   p r o p a g a t i n g   s o u t h w a r d  down 

a long  a nor the rn   hemisphe re   l i ne   o f   fo rce .  The impl i ca t ion  is  t h a t   t h e  

s e n s e   o f   r o t a t i o n   o f   t h e  wave p o l a r i z a t i o n   v e c t o r   i n   t h e   g e n e r a t i n g   r e g i o n  

is r i g h t - h a n d e d   e l l i p t i c a l   i n   t h e   d i r e c t i o n  away f rom  Jup i t e r ,   and  l e f t -  

handed e l l i p t i c a l   t o w a r d   t h e   p l a n e t .   T h i s   i m p l i e s  a s e n s e   f o r   t h e   d i p o l e ,  

as we s h a l l  see i n  a moment. 

But t h e   J u p i t e r   F a r a d a y  e f fec t ,  pecu l i a r   because   o f  i t s  

e l l i p t i c a l   b a s e  modes,  shows t h a t  two modes are p r e s e n t  on t h i s   o c c a s i o n .  

The n a t u r a l  way t o  assume t h e y   o r i g i n a t e  i s  i n  a re f lec t ion   mode-coupl ing  

p rocess .  The v a l u e s   f o r   i o n o s p h e r i c   f i e l d   s t r e n g t h   a n d   e l e c t r o n   d e n s i t y  

de r ived  by Gordon and Warwick (1967) r ep resen t   va lues  af ter  r e f l e c t i o n ,  

bu t   ve ry   nea r   t he   sou rce   r eg ion .  

The e x i s t e n c e   o f   e l l i p t i c a l l y   p o l a r i z e d   r a d i a t i o n   i m p l i e s  

w i th   g rea t   pe r suas iveness   t ha t   t he   emis s ion   f r equency  l i e s  n e a r   t h e  

electron  gyro-frequency.  The reason is a r e s u l t   o f   m a g n e t o - i o n i c   t h e o r y  

(Ratc l i f fe ,  1 9 5 9 ) .  C h a r a c t e r i s t i c  modes f o r   a l m o s t  a l l  d i r e c t i o n s   o f  

propagat ion  are c i r c u l a r .   W i t h i n  a very small a n g l e   o f f   t h e   p e r p e n d i c u l a r  

d i r e c t i o n   t o   t h e   l i n e s  of fo rce ,   t hey  become l i n e a r .  The t h i n   t r a n s i t i o n  

reg ion  i s  where e l l i p t i c a l  modes occur   under   mos t   condi t ions   for   rad io  

propagat ion .  The c r u c i a l   p a r a m e t e r   i n   t h i s   d i s c u s s i o n  is Y ,  t h e   q u o t i e n t  

of the   e lec t ron   gyro- f requency   d iv ided  by t h e  wave frequency.  When Y % 1 ,  

t h e  modes are e l l i p t i c a l ,   w i t h  sZowZy v a r y i n g   a x i a l   r a t i o  as a f u n c t i o n  

o f   d i r ec t ion   o f   p ropaga t ion .  If Y f  0(1), t h e  modes are e i t h e r   c i r c u l a r ,  

f o r   a l m o s t  a l l  d i r e c t i o n s   o f   p r o p a g a t i o n ,  or l i n e a r ,   i n  a s h e e t   o f   d i r e c t i o n s  

o r t h o g o n a l   t o   t h e   l i n e  of  f o r c e .  Even when the   p lasma  dens i ty  i s  very small, 

t h e  wave modes are c i r c u l a r   f o r   a l m o s t  a l l  d i rec t ions .   These  facts l e a d  

n a t u r a l l y   t o   t h e   i n t r o d u c t i o n   o f   t h e   c l a s s i c a l  QL ( "quas i - longi tudina l"  , 
wave modes c i r c u l a r l y   p o l a r i z e d )   a n d  QT ("quas i - t ransverse" ,  wave modes 

l i nea r ly   po la r i zed )   r eg imes   o f   magne to ion ic   t heo ry .  
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The i n t e r p r e t a t i o n  of J u p i t e r   r a d i o   e m i s s i o n  as l y i n g   n e a r  

the  gyro-frequency  then comes about  because of its c h a r a c t e r i s t i c  eZZipticaZ 
(not  c i r c u l a r )   p o l a r i z a t i o n .  Only if Y = O(1) w i l l  t h e  set of  d i r e c t i o n s  

for which t h e   b a s e  modes are e l l i p t i c a l  become f o r   p r a c t i c a l   p u r p o s e s  a 

set  of non-zero  measure. 

Furthermore,   the   Faraday effect  i n  J u p i t e r ' s   i o n o s p h e r e  is 

q u i t e   d i s t i n c t   i n  i ts  phenomemology from  the  s tandard  Faraday effect  o f  

t h e   e a r t h  ' s  ionosphere.  To make t h i s   d i s t i n c t i o n   s h a r p e r ,  I cal l  t h e  

J u p i t e r  e f fec t  t h e  Y-one Faraday effect .  

The e x i s t e n c e   o f   t h e  Y-one F a r a d a y   e f f e c t  shows t h a t   t h e  

r a d i a t i o n  l ies i n  two e l l i p t i c a l   b a s e  modes on t h e   ( p e r h a p s   r a r e )   o c c a s i o n s  

when t h e   e f f e c t   o c c u r s .  Then t h e   r e f l e c t i o n  mechanism  proposed i n   g e n e r a l  

fo r   Jup i t e r ' s   decamet r i c   emis s ion   appea r s   t o   be   conf i rmed   obse rva t iona l ly .  

The s i g n   o f   J u p i t e r ' s   d i p o l e  moment fol lows  f rom  the  sense 

o f   r o t a t i o n  of t h e   c h a r a c t e r i s t i c  mode if w e  know which mode t h e   r a d i a t i o n  

l ies  i n .  All o f   t h e   e x i s t i n g   t h e o r i e s  of decamet r i c   emis s ion   p red ic t   t ha t  

it l i e s  i n   t h e   e x t r a o r d i n a r y  mode. I n   t h i s  mode t h e   e l e c t r o n s   s p i r a l   i n  

t h e  same s e n s e   t h a t   t h e   e l e c t r i c   v e c t o r   r o t a t e s .   P r o b a b l y  it makes 

p h y s i c a l   s e n s e   t o   s p e a k   o f   t h i s  mode as maximiz ing   the   in te rac t ions   be tween 

wave and   e l ec t rons .  But t h e r e  is only  one weak o b s e r v a t i o n a l   v e r i f i c a t i o n  

o f   t h i s   h y p o t h e s i s .  It  follows  from  the  "unwinding" of t h e  (QL) Faraday 

r o t a t i o n   o b s e r v e d  on  decametric  emission. The m a j o r   a x i s   o f   t h e   f i n a l  

e l l i p se   p robab ly ,   t hough   w i th  a l a r g e   u n c e r t a i n t y ,  is  o r t h o g o n a l   t o   t h e  

J u p i t e r   f i e l d   l i n e  a t  the   po in t   o f   emis s ion   (Pa rke r ,  e t  a l . ,  1 9 6 9 ) .  A t  

small p l a s m a   d e n s i t i e s   t h e   e x t r a o r d i n a r y  mode h a s   t h e   p r o p e r t y   t h a t  i ts  

ma jo r   ax i s  l ies  a t  r i g h t   a n g l e s   t o   t h e   p r o j e c t e d   f i e l d   d i r e c t i o n .  We 

conc lude   t ha t   phys i ca l ly   and   obse rva t iona l ly   t he   r ad ia t ion  is probably 

i n   t h e   e x t r a o r d i n a r y  mode. 
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B e f o r e   r e f l e c t i o n ,   e x t r a o r d i n a r y  mode, l e f t -handed   r ad ia t ion  

p ropaga te s   sou thward   t oward   Jup i t e r ' s   d ipo le .  The ex t r ao rd ina ry  mode away 

from the   d ipole ,   r igh t -handed ,   nor thward ,  is r igh t -handed .   Th i s   imp l i e s   t ha t  

t h e   l i n e   o f   f o r c e   p o i n t s   n o r t h w a r d  away f rom  the   d ipo le .   In   o the r   words ,   t he  

m a g n e t i c   p o l e   i n   J u p i t e r ' s   n o r t h e r n   h e m i s p h e r e  i s  a nor th-seeking   po le .  The 

c o n v e n t i o n a l   s i g n   f o r   t h e   p o l e   i n   t h e   n o r t h e r n   h e m i s p h e r e  is p o s i t i v e   i n   t h i s  

case. This  i s  a n   o r i e n t a t i o n   o p p o s i t e   t h e   d i p o l e   f i e l d   o f   t h e   e a r t h  (Warwick, 

1963b).  

I t  i s  pe rhaps   impor t an t   t o   obse rve   t han  m y  t heo ry   fo r   wh ich  

ex t r ao rd ina ry  mode emission comes f rom  Jupi te r ' s   nor thern   hemisphere  will pre-  

d i c t   t h i s  same r e s u l t .  The q u e s t i o n   t h a t  is t h e r e f o r e   b a s i c   t o   t h e   d e t e r -  

minat ion is whether   tha t   theory   rea l ly   es tab l i shes   the   zenomagnet ic   hemisphere  

of  emission. Dowden (19631,   for   example,  s ta tes  t h a t   t h e   n o r t h e r n   h e m i s p h e r i c  

po le  i s  nor th-seeking ,   in   agreement   wi th  my conclus ion .  However,  he  equates 

t h e   g e o m e t r i c a l   p o s i t i o n   o f   t h e   r i g h t - h a n d e d   e m i s s i o n   t o   t h e   n o r t h e r n   h e m i s p h e r i c  

pole   merely on t h e   b a s i s   o f   t h e i r   c l o s e   ( b u t   n o t   e x a c t )   l o n g i t u d e   c o i n c i d e n c e .  

This  is n o t   n e c e s s a r i l y   c o r r e c t ,   a l t h o u g h   h i s   c o n c l u s i o n  is  t h e  same as mine. 

There is one f r a g i l e   d e c i m e t r i c   o b s e r v a t i o n   t h a t  may confirm 

th is   conc lus ion   f rom  decametr ic   observa t ions .   Berge   (1966)   be l ieves   to   have  

seen  a very small l e f t - h a n d e d   c i r c u l a r l y   p o l a r i z e d  component a t  the   c lockwise  

c r o s s - o v e r .   T h i s   i m p l i e s   t h a t   t h e   e q u a t o r i a l   f i e l d  a t  2R t o  3 R  has  a com- 

p o n e n t   t h a t   p o i n t s  away f r o m   u s ,   t h a t  is ,  southward.   This   sense  confirms  the 

conclusion made from  decametr ic   data .  A conf i rmat ion   of   the   sense   (bu t   no t  

t he   magn i tude )   o f   Be rge ' s   r e su l t   has   r ecen t ly   been   ca r r i ed   ou t  by Gulkis  (1969, 

private  communication).  

J J 

The decametr ic   emiss ions   p rovide ,   in  a sense ,  a magnified  view 

of the  shape  and  amplitude of J u p i t e r ' s   s u r f a c e   f i e l d .  They are complementary 

to   t he   dec ime t r i c   emis s ions ,   wh ich   i n fo rm  us   gene ra l ly   on ly   abou t   t he  low 

order   magnet ic  moments o f   J u p i t e r .  The conclusions  from  decametric  emissions 

are t h a t   t h e   f i e l d  is e s s e n t i a l l y   d i p o l a r   a n d   o r i e n t e d   v e r y  much t h e  way 

implied by d e c i m e t r i c   d a t a .  They a l s o   e s t a b l i s h   t h a t   t h e   s e n s e  of t h e   d i p o l e  

is p a r a l l e l   ( r a t h e r   t h a n   a n t i p a r a l l e l )   t o   J u p i t e r ' s   r o t a t i o n   a x i s .  
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1.4 The  magnitude of the  magnetic  dipoZe  moment 

The magnetic moment fol lows  f rom  decametr ic   data   with 

r a t h e r   h i g h   p r e c i s i o n .  The magnet ic   co- la t i tude  of emission is i n   t h e  

range  about  45O , a n d   t h e   d i s t a n c e   f r o m   t h e   d i p o l e  is about 1. 8RJ. The 

r e s u l t i n g  moment is M = 1. 3x1031 gauss cm3. This  value  depends 

s e n s i t i v e l y  on t h e   d e t a i l s   o f   w h e r e   t h e   d i p o l e  is l o c a t e d   w i t h i n   J u p i t e r .  

On t h e   b a s i s   o f  a d e t a i l e d   c a l c u l a t i o n   o f  dynamic s p e c t r a ,  Warwick (1963a) 

concluded   tha t  M = 4 . 2 ~ 1 0 ~ '   g a u s s  cm3. The v a l u e s   f o r   t h e   p o s i t i o n   o f  

t h e   d i p o l e   f o r   t h i s   v a l u e   o f  M are t a b u l a t e d   i n   t h e  Summary Table ,  

Sec t ion  1 .5 .  

To a s s ign  a v a l i d   u n c e r t a i n t y   t o   t h i s   f i g u r e   r e q u i r e s   a n  

ex te rna l   con f i rma t ion   o f  t h e  v a l i d i t y   o f   t h e   i n t e r p r e t a t i o n s   t h a t   u n d e r l i e  

it. One  may ch(.ase t o   r e g a r d   t h e  good  agreement  of  the  decimetric  and 

decametr ic   da ta  on asymmetry as s t r o n g   s u p p o r t  for t h e   i n t e r p r e t a t i o n s .  

On t h e   o t h e r   h a n d ,  a c r i t i c a l  t e s t  is t o   o b s e r v e   t h e   n o r t h - s o u t h   s h i f t s  

o f   dec imet r ic   emiss ion   tha t  seem t o  be   impl ied   no t   on ly   in   decametr ic  

emis s ion ,   bu t   a l so   i n   t he   dec ime t r i c   po la r i za t ion   a symmet ry .   These   no tab ly  

have not  been  confirmed by d i r e c t   o b s e r v a t i o n ;   i n d e e d ,   t h e  most accu ra t e  

da ta   in   hand   (Rober t s   and   Ekers ,  1 9 6 5 )  sugges t  a symmetr ic   north-south 

geometry. T h i s  is a l s o   t r u e  of Branson 's  (1968) d a t a .   I n   n e i t h e r  case i s  

the  c la imed  uncertainty  in   the  measurements  much less t h a n   t h e   p r e d i c t e d  

north-south  displacements .  A measured   uncer ta in ty   in   the   nor th-south  

displacement   would  then  perhaps  be  c lose  to   the  c la imed  uncertainty by 

Roberts  and  Ekers , k0. 3RJ a b o u t   t h e   c e n t e r   o f   J u p i t e r .   T a k i n g   t h i s  much 

from my "measured" souther ly   displacement   would  leave a n e t   s o u t h e r l y  

displacement  of 0.44R j u s t  ou t s ide   t he   obse rved   sou the r ly  limits imposed 

by Rober t s   and   Ekers .   In   the  east-west d i rec t ion   they   measured  0.1R 

d i sp lacemen t ,   e s sen t i a l ly   i n   ag reemen t   w i th   decamet r i c   da t a ,   These   r e su l t s  

seem t o   s u g g e s t   t h a t   t h e   d e c a m e t r i c   u n c e r t a i n t i e s  are such   t ha t   t he   no r th -  

s o u t h   p o s i t i o n  is  

wi th  > YN i n  any  event. 

J '  

J 

zN = 0.73RJ-0.1RJ, and XN = +(0.15f0.1)RJ, YN= +(O.l*O.l)RJ 
+0.4 
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I. 5 Summary T&Ze 

Jupiter's  Magnetic Fie Zd 

Prope r ty  

Shape : 

B a s i c a l l y   d i p o l a r  

p l u s  

Reference 

Genera l   dec imet r ic  phenomena 
Genera l   decametr ic  phenomena 

Small   axisymmetric  quadrupole Decimetric f l u x  asymmetry i n  
zenomagne t i c   l a t i t ude  

Dipole moment magnitude : 
30 

L .01x10  c .g .s .  

5 4x10 c .g . s .  30 

.̂ 2x10 c .g . s .  30 

T r a p p i n g   o f   r e l a t i v i s t i c   e l e c t r o n s  
r e s p .   f o r   d e c i m e t r i c  phenomena. 

Est imated minimum l i fe t ime,  
dec ime t r i c  phenomena. 

Equat ing   e lec t ron   gyrof requency  
a t  s u r f a c e   t o  maximum observed 
decametr ic   f requency.  

- 
- ( 4 . 2  r 0 . 4 )  x 10 gauss c m  Deta i led   decametr ic   observa t ions  

and  theory.  

30 3 

Dipo le   o r i en ta t ion :  

T i l t  t o   r o t a t i o n   a x i s  7?7 kO?l Rate o f   c h a n g e   o f   d e c i m e t r i c   t o t a l  
p o l a r i z a t i o n   p o s i t i o n   a n g l e  a t  
counter-clockwise  cross-over .  

Longi tude   o f   Jupi te r   mer id ian   p lane  
p a r a l l e l  t o  d i p o l e   a x i s  : 

XIII(1957.0) = 202O f 2 O  

on 1 J u l y  1968 .  

Longi tude   o f   Jupi te r   mer id ian   p lane  
p h y s i c a l l y   c o n t a i n i n g   d i p o l e :  

xIII(1957.0) = 232 
.+2O0 
- 100 

1. T i m e  o f  maximum p o s i t i o n   a n g l e  
o f   d e c i m e t r i c   p o l a r i z a t i o n .  

2 .  Symmetry p o s i t i o n  of decametr ic  
f r e q u e n c y   d r i f t s .  

1. Shape  of  decametric  dynamic 
spectrum. 

2 .  D i f f e rence   i n   shapes   o f   dec ime t r i c  
c u r v e s   o f   p o l a r i z a t i o n   p o s i t i o n  
a n g l e ,  a t  eas te rn   and   wes te rn  
e longa t ion .  

3. East-west asymmetry  of  decimetric 
emissions a t  AIII(1957.0)%1350 . 
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ProDertv Reference 

Dis tance   f rom  center   o f   Jupi te r .  

Ro = 0.75RC to. lRJ -0. 4RJ 

Distance  f rom  axis :  

= (0.18 +O.l)RJ 

Z e n o c e n t r i c   l a t i t u d e  of d ipo le :  

Sense of d ipo le :  

Tip of d i p o l e   i n   n o r t h e r n  hemi- 
sphere  of J u p i t e r  is nor th-  
seeking .  

Quadrupole moment magnitude: 

= (0.06 f 0 . 0 1 ) ~   d i p o l e  moment x lRJ 

Sense  of  Quadrupole: 

a. Strengthens  northern  zeno-  
g r a p h i c   d i p o l e   f i e l d .  

b .   Displaces  minimum f i e l d  
s t rength   nor thward   of  
magnetic equa to r  a t  a l l  
long i tudes .  
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1. Decametric observa t ion   and  
theo ry .  

2. Decimetric asymmetry i n   p o s i t i o n  
ang le  of p o l a r i z a t i o n  a t  t h e  
two  cross-overs.  

3 .  P e n c i l  beam and   occu l t a t ion  
obse rva t ions   o f   dec ime t r i c  
s o u r c e   l o c a t i o n .  

1. Decametric observat ion  and 
theo ry .  

2. Decimetric c i r c u l a r   p o l a r i z a t i o n  
at clockwise  cross-over .  

Decimetric f l u x  asymmetry i n  
zenomagnet ic   l a t i tude .  

Decimetric f l u x  symmetry is 
cen te red  a t  a northern  zeno- 
m a g n e t i c   l a t i t u d e .  



2.  PARTICLES 

2.1 ReZativis t ic   e lectrons 

For e l e c t r o n s  a t  r e l a t i v i s t i c   e n e r g i e s ,   t h e   p a r t i c l e   f l u x e s  

a t  J u p i t e r  are f i rmly   based  on o b s e r v a t i o n s r  The genera l   formulas  for 

s y n c h r o t r o n   r a d i a t i o n   a p p e a r   t o   p r o v i d e  good i n t e r p r e t a t i o n   o f   d e c i m e t r i c  

emissions from wavelengths of a few cen t ime te r s   ou t  t o  a few meters .  

An exceedingly  complicated  summation  over a v a s t   a r r a y  

of   parameters  is i n v o l v e d   i n   t h e   i n t e r p r e t a t i o n   o f   t h e s e   d a t a ,   e s p e c i a l l y  

t h e   t o t a l  flux observa t ions .   There  is a th ree   d imens iona l  volume i n t e g r a -  

t i o n   o v e r   w h i c h   f i e l d   s t r e n g t h   a n d   o r i e n t a t i o n   v a r i e s   w i d e l y ;   i n t e g r a t i o n  

o v e r   d i f f e r e n t   e l e c t r o n   e n e r g i e s ;   a n d   i n t e g r a t i o n s   o v e r   e l e c t r o n   p i t c h  

ang le   and   L - she l l   d i s t r ibu t ions .  All of   these   parameters   mus t  be p u t  

t o g e t h e r   i n   c o m p u t a t i o n s   s e p a r a t e l y  worked o u t   f o r   e a c h   o f  a la rge   . range  

of d i p o l e  tilt a n g l e s ,   a n d   p r o b a b l y   a l s o   f o r   d i f f e r e n t ' a m o u n t s   o f  

v i g n e t t i n g  by t h e   p l a n e t .   I n   a d d i t i o n ,   t h e  most d e t a i l e d   o b s e r v a t i o n s  

may p rov ide   i n fo rma t ion   conce rn ing   depa r tu re s   o f   t he   magne t i c   f i e ld   f rom 

d i p o l e  symmetry. There w i l l  t h e n   b e   r e q u i r e d   i n t r o d u c t i o n   o f   t h e   d i s t r i -  

b u t i o n   o v e r   t h e   f l u x   i n v a r i a n t ,  as well as over   the   L-she l l   and   magnet ic  

moment i n v a r i a n t s .  

All o f   t h i s   l e a v e s   d e t a i l e d   i n t e r p r e t a t i o n s  a t  t h e   p r e s e n t  

time less desirable   than  semi-quant i ta t ive  overviews  of   the  data   where 

they  are s u f f i c i e n t l y   w e l l - d e f i n e d   t o   e s t a b l i s h  one or more parameters  

i n   i s o l a t i o n   f r o m   t h e   r e m a i n d e r .  

The b a s i s   t o d a y   f o r   i n t e r p r e t i n g   d e c i m e t r i c   f l u x e s  is 

synchro t ron   emiss ion   theory .   This  i s  classical, ex tending   back   near ly  

t o   t h e   o r i g i n s   o f   s p e c i a l   r e l a t i v i t y .  In  r a d i o   a s t r o n o m y ,   i n t e r p r e t a t i o n s  

of broad-band  l inear ly-polar ized   emiss ions   usua l ly  are g i v e n   i n  terms 

of synchro t ron   theory   (very   o f ten   ca l led   "magnet ic   b remss t rah lung ' '   in  

t h e   l i t e r a t u r e )  . 
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The  modern a n a l y s i s  of synchro t ron   emis s ion ,   v i z ,  i t s  

spec t rum,   po la r i za t ion ,   and   i n t ens i ty   have   r ecen t ly   been   r e - sc ru t in i zed .  

Much of t h e  work w i t h i n   t h e  las t  two decades was based on a Four i e r -  

series expans ion   of   the  time v a r i a t i o n s  of t h e  classical expres s ion  for 

the   E-vec tor  (for example) i n  terms of wBEo/El, t h e   r e l a t i v i s t i c  gyro- 

f r equency   i n  a f i e l d  B gauss ,  of a p a r t i c l e  whose energy is E i n c l u d i n g  

t h e  rest energy E . Here uB = eB/mc where e, m y  c are e l ec t ron   cha rge  

( Y . 8 0 ~ 1 O - ~ ~ e .  s .u. ) , mass (9x10  grams , a n d   t h e   v e l o c i t y   o f   l i g h t  

(3x10 cm sec-l) , r e s p e c t i v e l y .   T h e r e   a p p e a r   t o   b e  some s e r i o u s   q u e s t i o n s  

a b o u t   b o t h   t h e   d e r i v a t i o n s   o f   t h e   f u n d a m e n t a l   r e s u l t s  of t h e   t h e o r y  

(a l though  poss ib ly  its r e s u l t s  are c o r r e c t )   i n  terms o f   t h i s   b a s i c   f r e q u e n c y  

and   a l so  i t s  genera l i ty .   Curren t ly   under   examinat ion  are the   assumpt ion  

t h a t   t h e   o b s e r v a t i o n   p o i n t  is a t  i n f i n i t y ,   a n d   t h a t   t h e r e  is p h y s i c a l  

d o p p l e r   s h i f t   i n v o l v e d .   F u r t h e r   p r o b l e m s   t h a t  are of deep  concern  der ive 

from t h e   p l a s m a   s u r r o u n d i n g   t h e   e m i t t i n g   e l e c t r o n s .   I n   t h e   f i n a l   a n a l y s i s ,  

t h e   p l a s m a   o f   t h e s e   e l e c t r o n s ,  i tself ,  a n d   t h e   e x i s t e n c e   o f   c o l l e c t i v e  

effects among t h e   e l e c t r o n s  is involved .  

1 

0 -2 8 

10 

All o f   t h i s  seems t o   b e  less important  than  an  overview 

of   the   fundamenta ls  of s y n c h r o t r o n   e m i s s i o n   t o   p r o v i d e   s e m i - q u a n t i t a t i v e  

formulas t o  pe rmi t   ea sy   ana lys i s  of t h e   d a t a .  I have  der ived  such a set 

of formulas  (1963)  and will now p r e s e n t  them b r i e f l y .  

The first formula conce rns   t he  t o t a l  emitted  power.  

C l a s s i c a l l y ,   t h e   t o t a l   e m i t t e d  power  by a c h a r g e   a c c e l e r a t e d  2 cm sec is -2 

- = -  dW 2 e 2 2  
d t  3 c3 

- ( 5 )  . 

Now, c l a s s i c a l l y  still ,  - - - - dW - 2 eL 
d t  3 m2c3 WB s i n 2 a  

where  p is e l e c t r o n  momentum and c1 is the  angle   between its v e l o c i t y  

v e c t o r   a n d   t h e   f i e l d   d i r e c t i o n .  To modify t h i s   e x p r e s s i o n   t o   r e p r e s e n t  

t he   ca se   o f   h igh -ene rgy   e l ec t rons ,  we s u b s t i t u t e  for p , p = ( E ~ ~ - E ~  , 2 2  

t h e   e x p r e s s i o n   f o r   t h e   s q u a r e   o f   t h e   r e l a t i v i s t i c  momentum. N o t e   t h a t  w e  

do n o t   s u b s t i t u t e   r e l a t i v i s t i c   e x p r e s s i o n s  fo r  w nor  f o r  t. T h e r e   r e s u l t s  B '  
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2 
d W - 2  e *B 
d t  3 2 3  2 s in '  a ( E ~  - E ~  1; 2 2  
"" - 

m c  c 

if w e  l e t  El = E + E ,  w e  o b t a i n  (El2 - Eo ) =  2E Eo (1 + E/2Eo) , 2 
0 

a d  - '" (synchrot ron)  = - (classical) (1 + E/2Eo). dW 
d t   d t  

Numerical ly   the classical ( n o n - r e l a t i v i s t i c )   r a d i a t i o n  from a g y r a t i n g  

e l e c t r o n  is 

&classical) dW = ~ x ~ c J - '  E B 2 s i n  2 a , 

and  f ina l ly   " ( synchro t ron  ) = 4x10 B s i n  a E( 1 + -1 (E - u n i t s  )/sec. dW -9 2 2 E 
d t  

2E0 

The r a d i a t i o n   i n c r e a s e s   q u a d r a t i c a l l y   a b o v e   t h e  classical limit a t  

E % E .  
0 

The  bandwidth of the   emiss ion   fo l lows   f rom  the   nar row 

beaming w e  observe for  a s i n g l e   e l e c t r o n .  Moving at v ,  a frame which 

t o  the   e l ec t ron   appea r s   o r thogona l  t o  t h e   d i r e c t i o n   o f   m o t i o n - a p p e a r s  

t o  us t o   b e   f o l d e d  down a r o u n d   t h e   d i r e c t i o n  v. The angle  between  axes 

is about  A 0  = E /E r a d i a n s .  The spectrum  fol lows  f rom  the time it t a k e s  

t h i s  beam t o  sweep a c r o s s   t h e   s i g h t l i n e .  I t  might seem t h a t   t h e   c o r r e c t  

a n g u l a r   v e l o c i t y   f o r   t h i s  beam would  be the  reduced  gyro-frequency 

uBCsin a )Eo /E .  A simple  computation shows t h a t  a t  t h i s  rate t h e  beam 

s w e e p s   t h r o u g h   t h e   s i g h t l i n e   i n   j u s t  (uB s ina l   s econds ,   i ndependen t ly  

of t h e   p a r t i c l e   e n e r g y .  The correct  answer  follows  from  computing  with 

the   acce le ra t ed   gy ro - f r equency  w ( s i n  a)E/E . This  is the   p rope r   p ro -  

cedure   phys i ca l ly   because   o f   t he   appa ren t  time c o n t r a c t i o n   i n   t h e  moving 

system. (The reduced  gyro-frequency is required  in   problems  of   dynamics,  

where  the time f o r   t h e   e n t i r e   o r b i t   a r o u n d   t h e   l i n e   o f   f o r c e  is invo lved) .  

0 

-1 

B 0 

The observed  pulse   width is A t  = A0/ (wg[sinalE/Eo) = (Eo/E)'/(wg s i n  a). 
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We assume t h e   p u l s e  t o  be  Gaussian  with  the  e-fold  whole-  

width,  A t .  Its Four i e r   t r ans fo rm is Gaussian,   wi th  maximum a t  ze ro  

frequency  and  e-fold  point  a t  we = 4/At = 4wg(sin a)(E/Eo) . 2 

The maximum in t ens i ty   does   no t   occu r  a t  zero  f requency as 

t h i s  model   impl ies .   Rather   the   spec t rum  drops   abrupt ly   to   zero   beginning  

a t  and  below a frequency much less t h a n  w . P h y s i c a l l y ,   t h i s   o c c u r s  

b e c a u s e   o f   t h e   f i n e   s t r u c t u r e  of t h e  beam o f   e m i s s i o n .   A c t u a l l y   t h i s  

"beam" d e s c r i b e s   t h e  momentary occurrence a t  our   observatory  of   an e lectr ic  

f i e l d .   T h i s  e lec t r ic  f i e ld   va r i e s   i n   an   unsymmet r i c  way as a f u n c t i o n  

o f  time th rough   t he   pu l se   ( s ee   Wes t fo ld ,  1959 ;  equa t ion  C171). We pre-  

v i o u s l y   d e s c r i b e d   t h e   p u l s e  as a (symmetric)  Gaussian. If t h e  asymmetry 

has   an   ampl i tude   equal   to   roughly   the   pu lse   he ight ,   and  i f  t h e   f i e l d  

va r i e s   on ly   once   t h rough   t he   pu l se ,   t hen   t he re  w i l l  be a zero a t  zero 

frequency. The peak  frequency l i e s  a t  a very small, b u t   f i x e d   f r a c t i o n  

e 

of   the  bandwidth.   Numerical ly ,  t h e  bandwidth is A€ = 10(E/Eo) B s i n  a MHz, 

and   the   spec t ra l   peak   f requency  i s  f = 0 . l A f .  The emission l i es  i n  a cone 

of width A0 = Eo/E r ad ians ,   and  creates a t o t a l  power i n t o  a l l  d i r e c t i o n s ,  

z 

- = 4x10 E (  1 + -)B2 s i n 2  a (E-un i t s  ) /sec.  dW -9 E 
d t  2E 0 

This l a s t  formula is os tens ib ly   comple te .  The o t h e r s  are approximate,   but 

s u f f i c i e n t l y   a c c u r a t e   f o r  any r e a l i s t i c  c a l c u l a t i o n   i n   t h e   r e l a t i v i s t i c  

limit E%E >>E 1 0'  

One o f t e n   r e a d s   i n   t h e   l i t e r a t u r e   t h a t   t h e   s p e c t r u m   o f  

synchro t ron   emiss ion   cons is t s   o f  a series o f   sp ikes   c lose ly   spaced   t h rough-  

out   the  range  def ined  by A f .  F o u r i e r   a n a l y s i s   o f  a sequence   of   ident ica l  

p u l s e s   y i e l d s   t h i s   r e s u l t   r a t h e r   t h a n  a continuous  spectrum, i f  t h e  

e m i t t i n g   e l e c t r o n  moves s t r i c t l y   p e r i o d i c a l l y .   T h i s   p o i n t   o f  view is 

n o t   n e c e s s a r y   t o   d e r i v e   t h e   s p e c t r u m   a n d   t e n d s   t o   c l o u d   t h e   p h y s i c a l   d e s -  

c r i p t i o n .   I n  many cases, where t h e   s o u r c e  l i es  a t  f i n i t e   d i s t a n c e , o r  
when t h e   f i e l d   v a r i e s   a p p r e c i a b l y   a l o n g   t h e   e l e c t r o n ' s   o r b i t ,   s u c c e s s i v e  
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p u l s e s  w i l l  n o t   b e   i d e n t i c a l .   S i n c e   v e r y   h i g h   h a r m o n i c s  are invo lved ,   t he  

c r i t e r i o n   f o r   p e r i o d i c i t y  i s  cor respondingly   sharp  i f  t h e   s u c c e s s i v e  

harmonics are n o t   t o  mix incohe ren t ly .  

If the   base   f r equency  is w E /E (the r e l a t i v i s t i c  gyro- 
B o  2 3 f requency)   then   harmonics   o f   o rder  4uB s i n  a(E/Eo)   / (wBEo/E) = 4(E/Eo) s i n  c1 

are involved.  A change i n   m a g n e t i c   f i e l d   s t r e n g t h   b y  (1/[4 s i n  al)(Eo/E) 
i n  one o r b i t   d e s t r o y s   c o h e r e n c e   e s s e n t i a l   t o   t h e   o r i g i n   o f   i n d i v i d u a l  

harmonics .   Wi th   the   requi red   e lec t ron   energ ies  a t  J u p i t e r ,  it is p o s s i b l e  

t o  show tha t   i nd iv idua l   ha rmon ics  are s t i l l  meaningful.  

3 

If an estimate can  be made o f   t h e   i n t e n s i t y   o f   e m i s s i o n  

from a l i m i t e d   p o r t i o n   o f   t h e   J u p i t e r   s o u r c e ,   t h e   i n f e r r e d   p a r t i c l e s   a n d  

f i e l d s  w i l l  s u r e l y   b e  more accurate than   i n fe rences   based  on t o t a l   f l u x .  

To e v a l u a t e   t h e  numbers q u o t e d   i n   t h e   l i t e r a t u r e   r e q u i r e s  a s o r t i n g   o u t  

proceeding  a long  these  l ines .   Before  then,   however ,  we need  formulas 

for t he   i n t ens i ty .   These   fo rmulas   r equ i r e   a s sumpt ions  on t h e   d i p e c t i o n a l  

d i s t r i b u t i o n   o f   e m i t t i n g   e l e c t r o n s .  

Suppose t h a t   t h e   d i s t r i b u t i o n   o f   e l e c t r o n   v e l o c i t y  i s  

i s o t r o p i c .  The i n d i v i d u a l  beamwidth of  a g i v e n   e l e c t r o n  is e s s e n t i a l l y  

A0 = Eo/E. The t o t a l   s o l i d   a n g l e   i n t o  which e l e c t r o n s  moving a t  ang le  a 

t o   t h e   l i n e s   o f   f o r c e  emit is 2n s i n  a d a = 2 n  s i n  a A 0 .  The  number 

o f   e l e c t r o n s  moving w i t h i n   t h i s   r a n g e   a l s o  is p r o p o r t i o n a l   t o   t h i s   s o l i d  

angle .  The power e m i t t e d   i n t o   t h i s   r a n g e  is  p r o p o r t i o n a l   t o   t h e  number 

o f   e l e c t r o n s  moving p e r   u n i t   s o l i d   a n g l e ,  times t h e   s o l i d   a n g l e ;   t h e  

i n t e n s i t y ,  which i s  t h e  power p e r   u n i t   s o l i d   a n g l e ,  i s  j u s t   t h e  number o f  

e l e c t r o n s  moving p e r   u n i t   s o l i d   a n g l e  times t h e   t o t a l  power emi t t ed   pe r  

e l e c t r o n  moving a t  a That i s ,  f o r   a n   i s o t r o p i c   d i s t r i b u t i o n  of 

v e l o c i t i e s ,   t h e   i n t e n s i t y  a t  c1 t o   t h e   l i n e s   o f   f o r c e  is 

1 

1 1 1 

1' 

r l. 0 - 1  dW 
N 4n d t  - - - - = 3.2x10 E( 1 + - ) B ~   s i n  c1 

-10 E 2 

2E0 

p e r   e l e c t r o n   i n   E - u n i t s  sr sec . S i n c e   t h i s   f o r m u l a   a s s u m e s   t h a t  a given -1 -1 
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e l e c t r o n  emits i n t o  a r a n g e   o f   d i r e c t i o n s  A 0  much smaller than   t he   r ange  

of d i r e c t i o n s   c o n t a i n i n g   t h e   e l e c t r o n   v e l o c i t y   v e c t o r s ,  it a p p l i e s   o n l y  

when E>>E or 
0 ,  

E-uni ts  sr sec p e r   e l e c t r o n  of a n   i s o t r o p i c   d i s t r i b u t i o n ,   c o n s i s t i n g  

o f  N e l e c t r o n s  cm o r  N / ~ T  e l e c t r o n s  cm sr . If a is t r a n s l a t e d   i n t o  -3  -3  -1 

$I = 90° - a , t hen  I a cos 4; This   should  not   be  compared  with  the 

f u n c t i o n   g i v i n g   t h e   f l u x   v a r i a t i o n  as an  observed  function  of  zenomagnetic 

l a t i t u d e .  

-1  -1 

2 

The oppos i t e   ex t r eme   t ype   o f   d i s t r ibu t ion  is when e l e c t r o n  

v e l o c i t i e s  l i e  e n t i r e l y  a t  a c e r t a i n   p i t c h   a n g l e  a I n   t h i s   c a s e   t h e  

number of e l e c t r o n s ,  N( a ) ,  moving w i t h i n  a g r e a t  c i rc le  arc At3 t angen t  

t o  a small c i r c l e  at a i s  N (  a,) At3 / ( 2 n s i n  a,) [for a1 s u c h   t h a t  

N (  al> >11. Each of t h e s e   e l e c t r o n s  emits i n t o  a s o l i d   a n g l e  ( A O )  

s t e r a d i a n s .  Because w e  observe  emission  only when a %a 

1' 

1 

1 2 

1 

T I 
a -  1 E E 
" 

N ( a )  21'r s i n  CL At3 d t  = 6 . 4 ~ 1 0 - ~ '  E (1 + --) (->B2 s i n  CY 

2E0 E O  

p e r   e l e c t r o n   i n   E - u n i t s  sr sec . Again,   reducing  this   formula for E > > E  
-1 -1 

0' 

Ia E 2 2  
" 

N(a) - 3 . 2 ~ 1 0 - l o  E (-) E .  B s i n  a 
0 

p e r   e l e c t r o n   i n   E - u n i t s  sr  sec where t h e   f o r m u l a   a p p l i e s   t o   t h e   t o t a l  -1 -1 

number of e l e c t r o n s  moving a t  al. This   express ion   reduces   to   the   one   g iv ing  - 
I when N ( a  ) = - 2 ~ r ( s i n  a l ) ( A 8 ) N .  Summar iz ing ,   then ,   for  N e l e c t r o n s  cm 1 - d  
0 1 47r - 

moving i s o t r o p i c a l l y  a t  N / 4 7 r  e l e c t r o n s  cm-' sr , t h e   o b s e r v e d   i n t e n s i t y  

w i l l  be  

-I 

- dw - 1 . 3 ~ 1 0 - l ~  N(-) E 2 2  B s i n 2  a 
I o - G d t  - EO 
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ergs sec sr c m  . For N(a)  e l e c t r o n s  c m  moving uniformly at a l l  

az imutha l  angles around  the   zone  a t  a, t h e   o b s e r v e d   i n t e n s i t y  w i l l  be 

-1 -1 - 3  -3 

- - N ( u )  * = 2.6~10-l~ N ( a )  E 3 2  B s i n  c1 
'a 27r s i n  c1 A0 d t  

0 

ergs sec sr cm . The i n t e n s i t y   p e r   u n i t   f r e q u e n c y   i n t e r v a l  comes 

f rom  the   quo t i en t   o f   t hese   expres s ions  Af. That is 

-1  -1 3 

I cf) = 1 . 3 ~ 1 0 - ~ ~  NB s i n  a e r g s  c m  sec sr  Hz -3 -1  -1 -1 
0 

for a n   i s o t r o p i c   d i s t r i b u t i o n   o f   t o t a l   d e n s i t y  N e l e c t r o n s  c m  , and 
-3 

I (f) = 2 . 6 ~ 1 0  N(a) B e r g s  cm sec Hz , -23 E -3  -1  -1 
a 

0 

€or a d i s t r i b u t i o n  of N(a) ,  t h e   t o t a l  number o f   e l e c t r o n s  moving a t  a. t o  

t h e   l i n e s  of f o r c e .  For i n t e r m e d i a t e   d i s t r i b u t i o n s ,   s a y  NG(al) p e r  

s t e r a d i a n ,   t h e   f o r m u l a  Ia(f) s u f f i c e s  when by N(a) i s  unde r s tood   t he  

number o f   e l e c t r o n s  moving w i t h i n  a range A0 about a. That i s ,  

To use   t hese   i n t ens i ty   fo rmulas   depends  on a knowledge 

o f   t h e   d e t a i l e d  two d i m e n s i o n a l   b r i g h t n e s s   d i s t r i b u t i o n   a c r o s s   J u p i t e r ,  

i d e a l l y   f o r  a l l  f requencies   over  more than  the  synchrotron  bandwidth 

t e n   t o   o n e .  Data on t h i s   r i c h  a s c a l e  do n o t   e x i s t ,   a n d   o n l y   h i n t s  

sugges t   t o   u s   t he   p robab le   answers .  

The earliest  h i n t  came from t h e   o b s e r v a t i o n s   o f   t o t a l  

f l u x  a t  var ious  wavelengths .  The sugges t ion   appea r s   qu i t e   r ea sonab le  

t h a t   t h e   f l u x   d e n s i t y   ( e . g .  , t h e   i n t e n s i t y   i n t e g r a t e d   o v e r   t h e   e n t i r e  

sou rce )  is near ly   cons tan t   in   f requency   be tween a va lue   o f   about  400 t o  

4,000 MHz, a t  S = 7x10 W m Hz . 400 t o  500 MHz r e p r e s e n t s  a 

nominal  peak  frequency;  by 4 ,000  t o  5 ,000  MHz the  non-thermal   emission 

begins  t o  f a l l  o f f   i n   t h e  face of t he rma l   d i sk   r ad ia t ion   (D icke l ,  e t  a l .  

1 9 7 0 ) .  

-26 - 2  -1 
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I n   e a r l y   l i t e r a t u r e ,   t h i s  f l a t  f l u x  is used t o   i n d i c a t e  

t h a t   t h e   s p e c t r u m   o f   p a r t i c l e s  is f l a t ,  much more l i k e  E-l t h a n   t h e  E-4 

or E-5 va lues  of t h e   E a r t h ' s   b e l t s .   T h i s   c o n c l u s i o n   d o e s   n o t   a p p e a r   t o  

b e   e s s e n t i a l   i n   t h e  face o f   t h e   o b s e r v a t i o n s   t h a t   t h e   o u t e r   r e g i o n s   o f  

t h e   b e l t s   a p p e a r   r e l a t i v e l y  more prominently a t  l o w  f requencies   than  a t  

high  (Gulkis,   1970;  Branson,  1968; McAdam, 1966).  Apparently a b e t t e r  

hypo thes i s  is t h a t   t o   e a c h   L - s h e l l   t h e r e   c o r r e s p o n d s  a p a r t i c u l a r  

r e l a t i v i s t i c   e n e r g y ,   w h i c h   i n c r e a s e s  as L decreases .   This   s t rongly   sug-  

g e s t s   t h a t   t h e   e l e c t r o n s   r e c e i v e .   t h e i r   e n e r g i e s   t h r o u g h   L - s h e l l   c r o s s i n g  

( s e e  Hess, 19681,   and   tha t   the   f la tness   o f   the   spec t rum  resu l t s   f rom  the  

chang ing   mix   o f   t he   ene rgy- f i e ld -pa r t i c l e   d i s t r ibu t ions   r a the r   t han  a 

l o c a l l y - f l a t   s p e c t r u m .   I n   a n y  case, the   spec t rum  of  a monoenerget ic   f lux 

is s o  broad  that   considerable   smoothing  f rom a l l  p a r t s   o f   t h e   p a r t i c l e  

s p e c t r u m   r e s u l t s .  

The s i z e  of the   source   depends   bas ica l ly  on t h e   p i t c h   a n g l e  

d i s t r i b u t i o n   a n d   t h e   L - s h e l l   d i s t r i b u t i o n .  The only way t h a t   i n f e r e n c e s  

on p i t ch -ang le   d i s t r ibu t ions   have   been  made i s  v i a   p o l a r i z a t i o n ,  on t h e  

one  hand,   and  the  var ia t ion of  t o t a l   f l u x   w i t h   z e n o m a g n e t i c   l a t i t u d e  on 

t h e   o t h e r .  The fac t  t h a t   t h e   s o u r c e  is  narrow , nor th - sou th ,   imp l i e s  a 

i imi t ed   r ange  of p i t c h   a n g l e s ,   s a y   s i n  a >0.6.  With t h i s  f l a t  p i t c h  

a n g l e   d i s t r i b u t i o n ,   a n y   L - s h e l l   d i s t r i b u t i o n  w i l l  t e n d   t o   b e   p o l a r i z e d ,  

E - v e c t o r   p a r a l l e l  t o  t h e   e q u a t o r ,  as is observed. T h i s  range  of  a va lues  

is  a l s o   c o n s i s t e n t   w i t h   t h e   v a r i a t i o n   o f   f l u x   w i t h   l a t i t u d e .  A s  w e  s h a l l  

see, r a d i a t i o n  beaming  probably i s  c h a r a c t e r i s t i c a l l y   o n l y  a few degrees 

i n   t o t a l   w i d t h .  However, t h e   f l u x   d e n s i t y  f a l l s  r ap id ly   ove r  10 or 1 5  

d e g r e e s   o f   l a t i t u d e .  A much g r e a t e r  I-ange o f   l a t i t u d e s  i s  covered  than  can 

be  reached by a s i n g l e   e l e c t r o n  beaming ove r  a wide  angular   range.  The 

consequence is t h a t  w e  e s s e n t i a l l y   o b s e r v e   t h e   e l e c t r o n s   m i r r o r i n g  a t  a 

l a t i t u d e   g i v e n  by the  geometry shown i n   F i g u r e  1. 

L- 

L 

The f a l l  o f f   o f   i n t e n s i t y   w i t h   l a t i t u d e   i n d i c a t e s   t h e   m i r r o r  

p o i n t   d i s t r i b u t i o n ,   a n d   t h e r e f o r e   t h e   p i t c h   a n g i e   d i s t r i b u t i o n .  The m i r r o r  

p o i n t   l a t i t u d e  $I~, <<1, f o l l o w s   f r o m   s e t t i n g   t h e   m i r r o r   p o i n t   f i e l d   s t r e n g t h ,  
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B = B / s i n  a Since  for a v ~ / 2 ,  2 
m 0 L'  L 

B 
0 
-=(1+--@ 9 2 - 1 -  ) L 2 

2 
2 L  - s i n  a .1,1 - ( - 7r 

- aL) Y 

2 

Bm 

t h e r e   r e s u l t s  

Figure 1 shows t h a t   t h e   e l e c t r o n s   o b s e r v e d  a t  r i g h t   a n g l e s   t o   t h e   l i n e  

o f   f o r c e   ( u p p e r   p a r t   o f   F i g u r e  1) l i e  a t  a m i r r o r   p o i n t   l a t i t u d e  

Rm s i n  @/3Rm  (where @ = l o o  i n   F i g u r e  1). Since  @, t h e   i n c l i n a t i o n   a n g l e  

be tween   t he   d ipo le   and   t he   p l ane   o f   t he   sky ,  i s  <<1 r a d i a n ,  it appears  

t h a t  @ % @/3 .  @ is a l s o   t h e   z e n o m a g n e t i c   l a t i t u d e   o f   t h e   o b s e r v a t i o n .  

Therefore  @ = e [ ( ~ r / 2 )  - a 1 is the  zenomagne t i c   l a t i t ude  a t  which w e  

o b s e r v e   e l e c t r o n s   w i t h   p i t c h   a n g l e s   t h a t  are aT i n   t h e   e q u a t o r i a l   p l a n e .  

L 

L 

LI 

W r i t i n g   t h e   i n t e n s i t y  as cos  @d@ = cos f l  ([7r/2] - a ) d aL3 I f i n d  n n 
- L 

t h e   v a r i a t i o n   p r o p o r t i o n a l  t o  [l - 11 ( [ ~ / 2  I - uL)  1. By e x t r a p o l a t i o n  

it a p p e a r s   t h a t  when ([.rr/2] - a L )  % n, t h e   d i s t r i b u t i o n   c h a n g e s   c h a r a c t e r .  1 

'With  the  observed n = 3.5,   IT/^) - aL % 0.53.  A p i t c h - a n g l e   d i s t r i b u t i o n  

2 

l i m i t e d   t o   a b o u t   s i n  a >0.87 w i l l  c u t   o f f   i n   a b o u t   t h e  same way t h e  

observa t ions   do .  A s a t i s f a c t o r y  model o f   t h e   p i t c h - a n g l e   d i s t r i b u t i o n   t h e n  

should  be  exp[ - n ( [ 1 ~ / 2 3  - a ) 1, w h e r e   e - f o l d   p o i n t s   o f   t h e   d i s t r i b u t i o n  

L -  

2 
L 

l i e  a t   IT/^] - a ) = t 0.53,  or w i t h i n  a range Aa = 61°, cen te red  a t  L L 
900. 

C o n s i d e r a b l e   s i m p l i f i c a t i o n   r e s u l t s  when t h i s  model is 

app l i ed   t o   t he   da t a .   Fo r   example ,   Branson ' s  2.1-cm b r i g h t n e s s   d i s t r i b u t i o n s  

(1968), allow  an estimate o f   t h e   i n t e n s i t y  a t  t h e   v e r y   c e n t e r  of  t h e  

synchro t ron   source .  I r e a d  a b r igh tness   o f  433O K f o r   t h e   e m i s s i o n  a t  

t h e   c e n t e r  a t  e longa t ion .  The va lues  a t  t h e  east  and west peaks   o f   t he  

symmetr ical   sources  are 564O K r e spec t ive ly .   Branson   t akes  250° K of  

b r i g h t n e s s   t e m p e r a t u r e   f o r   t h e   d i s k ,  which l e a v e s  183O K for t h e   e q u a t o r i a l  

po r t ion   o f   t he   be l t s .   Th i s   t empera tu re   pa rame te r   conve r t s   t o  an i n t e n s i t y  
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via   the   Rayle igh-Jeans  l a w ,  v i z .  , I c , ( f )  = 2 k T f2/c2,  where k = 1 . 3 8 ~ 1 0 - l ~  

e r g s   p e r   d e g r e e .  The r e s u l t   o f  

formula  on  page  58 is 

( 2  k f /c ) 183O 2 2  

The va lue  1 s t a n d s   f o r   t h e   p a t h  

B are a l s o  a l l  unknowns so far  

combining   Branson ' s   observa t ion .wi th   the  

K = 2 . 6 ~ 1 0 - ~ ~  L N(O)( r) B. E 
0 

l e n g t h   i n   c e n t i m e t e r s ;  N(O), ( TI ,  and 

as t h i s   p a r t i c u l a r  datum is concerned. 

E 

0 

The  combination of f o u r   f a c t o r s  , N(0) , E , B ,  and is 

invo lved ,   and   o the r   r e l a t ions  are r e q u i r e d   t o   s e p a r a t e  them. For example, 

Branson ' s   da ta  show t h a t   e a c h   s i d e   o f   t h e   s o u r c e   e x t e n d s   l a t e r a l l y   o v e r  

about 2 R J ;  I assume t h i s   m e a s u r e s   t h e   r a d i a l   t h i c k n e s s  a t  t h e   d i s k   c e n t e r .  

Therefore ,  1 = 2 R  (E /Eo)  occu r s   i n   t he   fo rmula   fo r   peak   f r equency ,  or 

for bandwidth. If A f  = 3600 MHz, t h e n   t h i s   r e l a t i o n   p e r m i t s  us t o  

e l i m i n a t e   e i t h e r  E o r  B f rom  the   computa t ions ,   bu t   does   no t   ident i fy  

uniquely N( 0 ) .  

J '  

A t  t h i s   p o i n t   i n   t h e   a n a l y s i s ,  most  computations of  J u p i t e r ' s  

s y n c h r o t r o n   r a d i a t i o n   e i t h e r  assume a f i e l d   v a l u e   f o r   t h e   b e l t s ,  or compute 

f o r  a range of  f i e l d   v a l u e s   t h a t   a p p e a r   t o   s a t i s f y   o t h e r   a p p a r e n t   c o n d i t i o n s  

of  the  problem.  These  might  be lifetimes f o r   r a d i a t i n g   e l e c t r o n s ,   w h i c h ,  

as w e  saw, l e a d   t o   u p p e r  limits of t h e  f i e l d ,  or t o  minimum energy   t rapping  

f i e l d s  , which   l ead   t o   ve ry  low lower limits. The value o f   t h e   f i e l d  enters 

t h e   p r o b l e m   r e l a t i v e l y   i n s e n s i t i v e l y ,   s i n c e  E = B -'I2. Estimates o f  

f i e l d   s t r e n g t h   d e r i v e d  from  decametric  emission a t  t h e   p l a n e t  seem v a l i d  

ind ica t ions   o f   t he   magne t i c  moment, perhaps,  as I h a v e   i n d i c a t e d ,   t h e  most 

a c c u r a t e   o f  a l l .  For t h e s e   r e a s o n s ,   t h e   a p p r o p r i a t e   p r o c e d u r e   a p p e a r s   t o  

be t o  use M = 4 . 2 ~ 1 0 ~ '   g a u s s  cm3 t o  compute t h e   f i e l d   i n   t h e  peak  of 

B r a n s o n ' s   o b s e r v e d   b e l t   d i s t r i b u t i o n .  R = 1.5R in   h i s   measu res ,   wh ich  

co r re sponds   t o  a f i e l d   o f   3 . 4   g a u s s .  A s  a r e s u l t   o f   t h e   u n c e r t a i n t y   i n   t h e  

E - W l o c a t i o n   o f   t h e  maximum p o s i t i o n ,   t h i s   f i g u r e  may vary ;   3 .4  k2 gauss 

is  probab1y.a   good  range,   where  the  ass igned  values  are r e a l l y   c u t - o f f s ,  

not p r o b a b l e   e r r o r s .  A s  a consequence  of   the  bandwidth  equat ions,  we 

l e a r n   t h a t  3600 MHz = 10(E/Eo) B where E = 4.2 MeV or 8.2 MeV f o r ,  

J 

2 
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r e s p e c t i v e l y ,   t h e   u p p e r   a n d   l o w e r   f i e l d   s t r e n g t h s   q u o t e d  a moment ago. 

I emphas ize   t ha t   t hese   va lues  are l a r g e r   i n   g a u s s ,   a n d   l o w e r   i n   e n e r g y  

than  former estimates, because   Bransonls   b r igh tness   curves   peak   re la t ive ly  

c l o s e   t o   t h e   d i s k .   B e r g e ' s   v a l u e s  (1966) a t  10.5 cm l i e  a t  R = 1.8R 

C o r r e s p o n d i n g l y ,   t h e   f i e l d   s t r e n g t h  i s  2.0 gauss .  
J' 

S u b s t i t u t i n g   i n   t h e   i n t e n s i t y   f o r m u l a  I f i n d  N ( O )  = 7x10 crn -6 -3 

( B  = 5.4 gauss ,  E = 4.2 MeV) o r  N(0) = 1.4~10 c m  ( B  = 1.4 gauss ;  

E = 8.2 MeV). The most l i k e l y   v a l u e s   a p p e a r   t o   b e  a t  R = 1.8R * Bo 2.0 gauss ;  

E = 6.2 MeV; N(0) = 1.3~10 c m  where N(O) is  t h e   t o t a l   d e n s i t y   i n   t h e  

e q u a t o r i a l  zone  of  width E /E = 0.082 r a d i a n s  = 4.8 degrees .   This   value 

of N ( O )  c o n v e r t s   t o   e i t h e r   a n   e q u a t o r i a l  ( a  = 90°)   dens i ty   o f  

W/dQ = 2. S X ~ O - ~  cm sr d i s t r i b u t e d   o v e r  a zone t 6 l o  or an   omnid i r ec t iona l  

d e n s i t y  (dN/dn)dR = 1.6~10-~ c m  . The cor responding   f luxes  a t  1. 8RJ are 

dF/dR = 8x10 cm sec-l o r l (  dF/dR) = 4.8~10 c m  sec omnid i r ec t iona l .  

The  summary t a b l e   t a b u l a t e s   t h e s e   v a l u e s   a n d  as well, a s e t  of   va lues   based  

on a n   L - s h e l l   d i s t r i b u t i o n   f o r m u l a   p r e s e n t e d  on page 66. 

-5 -3 

-5 -3 J Y  

0 

-3 -1 

-3 

1 5  -2 6 -2 -1 

A s  a check on t h e s e   d a t a ,   n o t e   t h a t  a t  10.4 cm Berge 's  

( 1 9 6 6 )   c e n t r a l   i n t e n s i t y  is 80° K blackbody  equiva len t ,  af ter  s u b t r a c t i o n  

of a d i s k  ccmponent of 260° K. This   va lue   i nc reases   t he   p roduc t  LN(0)(E/Eo) 
by a f a c t o r  (21 c m / l O  .4 cml2 ( 8Oo/183O) = 1.78, which is s a t i s f a c t o r i l y  

c l o s e  t o  un i ty .   Fu r the rmore ,   Be rge ' s   peak   b r igh tness   co r re sponds   t o  160° K, 
e . g . ,  2.0 x t h e   c e n t r a l   b r i g h t n e s s ;   i n   B r a n s o n ' s   d a t a ,   t h e   c o r r e s p o n d i n g  

r a t i o  is (564O/183O) = 3.1 x t h e   c e n t r a l   b r i g h t n e s s .  

The d i s t r i b u t i o n   o f   t h e s e   e l e c t r o n s   i n   L - s h e l l  is  assumed 

t o  be  uniform i n   t h e   s h e l l  of t h i c k n e s s  2R extending  from R 1.2R o u t  

t o  3.2RT. With t h i s   t h i c k n e s s ,   t h e   r a t i o   o f   p e a k   t o   c e n t r a l   t h i c k n e s s  
J' J 

( =  br igE tness1  i s  6.4RJ [I1 -(1.2/3.2)2]1/2/2.0P, J = 3.0, a b o u t   t h e   r i g h t  

value.  
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If w e  s u p p o s e   t h a t   t h i s  i s  a c o r r e c t   d e s c r i p t i o n  of t h e  

1 0  c m  and 20 cm s o u r c e ,   t h e   q u e s t i o n  arises how t o  f i t  t h e   l o n g e r  wave- 

l e n g t h   d a t a   i n t o   t h e   p i c t u r e .   C l e a r l y   r e s o l v e d   d a t a   t a k e n  a t  as low a 

frequency as p o s s i b l e  are necessary .  A s  mentioned  above  these seem 

t o   b e  McAdam's (19661,  Branson's  (19681,  and  Gulkis '   (1970).  McAdam 

states h i s   r e s u l t   i n  terms o f  a t w o - b e l t   ' d i s t r i b u t i o n ,   t h e  first very 

much l i k e   t h e   a b o v e ,   b u t   t h e   s e c o n d   l y i n g  a t  6 r ad i i   and   p roduc ing  1 6  - 
20 p e r c e n t   o f   t h e   f l u x  a t  408 MHz (74 cm). Branson   p lo t s   h i s  2 1  cm 

d a t a  for s t r i p   b r i g h t n e s s  on t h e  same graphs as h i s  75 cm da ta .  In 
o u t e r   p a r t s   o f   t h e   b e l t s ,   f r o m   a b o u t  3R o n ,   t h e   s t r i p   b r i g h t n e s s  fa l l s  

about  1 0  p e r   c e n t   l o w e r  a t  2 1  cm than a t  75 cm. Gu lk i s   p re sen t s   h i s   da t a  

much t h e  same way, r e l a t i v e   t o   B r a n s o n ' s   2 1  c m  d i s t r i b u t i o n s ;   G u l k i s  

shows emission fa r  o u t s i d e  of Branson's 2 1  cm curve ,   bo th  a t  74 cm and 

128 c m .  These   da ta   sugges t  a more dramat ic   cont ras t   wi th   the   h igh   f requency  

d a t a   t h a n  do B r a n s o n ' s   r e s u l t s .  

J 

McAdam's r e s u l t   e s s e n t i a l l y   r e q u i r e s   s o u r c e s   o f   o n e   f l u x  

u n i t  W m-2 Hz-l) a t  6 R  e i T h e r   s i d e   o f   t h e   p l a n e t .   T h e s e   s o u r c e s  

may be as l a r g e  as one o r  two R I assume tha t   they   subtend   an   angle  

the s i z e   o f   t h e   d i s k  of J u p i t e r ,  3 ~ 1 0 - ~  sr, with  a f l u x   d e n s i t y  of 

~ x I . O - ~ ~   e r g s  cm sec Hz . The i n t e n s i t y  i s  then  3x10 e r g s  c m  sec 

Hz s r  , on e i t h e r   s i d e   o f   t h e   p l a n e t .  Now we have 3x10 = 2 .GxlO 

L N(0) (E/E ) 3 ,  t h e  same formula as be fo re ,   bu t   w i th  new va lues  for a l l  

o f   t he   pa rame te r s .  The most d i f f i c u l t   t o  estimate p r o v e s   t o   b e   t h e   p a t h  

l eng th  f which  depends on t h e  model f o r   t h e   r a d i a l   d i s t r i b u t i o n  of 

e l e c t r o n s .  A t h i n   s h e l l ,   o f   o u t e r   a n d   i n n e r   r a d i i  P2  RJ and P R res- 

pec t ive ly ,   has  maximum p a t h   l e n g t h  a t  P R of 

J 

J '  

2 -1  -1 - 1 6  -2 -1 

-1 -1 -16 -23 

0 

1 J  

1 J  

Outwards t h e  pa th   l eng th  fa l l s  t o   z e r o   w i t h i n   d i s t a n c e  ( P 2  - P,) RJ. 
Inward it fa l l s  w i t h   r a d i a l   d i s t a n c e  P R as J 
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1.t has, f a l l e n   t o   h a l f  i ts peak v a l u e  a t  Po where 

R e p r e s e n t a t i v e   s o l u t i o n s  are P1 = 6 ,  P2 = 7, P = 5.25  and P = 6 ,  

P2 = 6.84, Po = 5.80,  for  example.  The th ickness   mus t   be  less 

than  one R i n   o r d e r  that  t h e   s i z e   a p p e a r   t o   b e   o n l y  1 RJ. Take ,  

t h e r e f o r e ,  (. P2 - P ) = R / 2  with P1 = 6 RJ;  t h e  maximum t h i c k n e s s  

0 1 

J 

1 J 

f D I 

2 / 1 - ( - )  L 1  2 P R  = 5 R J .  
p 2  2 5  

(E/E fo l lows  i f  we know the  peak  f requency or the   bandwidth   o f   the  

o u t e r   p a r t s   o f   t h e   b e l t s ;   t h i s  is c e r t a i n l y  somewhat a r b i t r a r y .  However, 

it a p p e a r s   t h a t   t h e y  do not  appear  above 1000 MHz; a bandwidth  of 600 MHz 

seems a p p r o p r i a t e .  A t  6 RJ t h e   f i e l d  is B = 0.054 gauss .  Then t h e  

e l ec t ron   ene rgy  is  1 7  MeV. This   g ives  N(O) = 1.9~10 cm . I t  seems 

t h a t  McAdam's r e s u l t s   r e q u i r e   h i g h e r   e n e r g y   e l e c t r o n s   t h a n   t h e   i n n e r  

b e l t s ,  more o f  them cm , and (of cour se )  more i n   t o t a l  as well. 

0 

-4 - 3  

- 3  

The r e s u l t  depends on a very  "hard" f a c t ,  t h a t   t h e   f i e l d  

s t rength   be tween  the   inner   and  outer b e l t s   d r o p s  as inve r se   cube   o f   t he  

d i s t a n c e ;   n e i t h e r   t h e   d e t a i l e d  model  of f i e l d  asymmetry,   nor   the  value  of  

the   magnet ic  moment i s  involved.  The mere d e t e c t i o n   o f   t h e s e   o u t e r   b e l t s  

a t  6 R i m p l i e s   s t r o n g l y   t h a t   g r e a t e r  numbers  of  more e n e r g e t i c   e l e c t r o n s  

are p r e s e n t   t h e r e   t h a n   i n   t h e   i n n e r   b e l t s .   G u l k i s '   r e s u l t  is o f   t h e  same 

n a t u r e  as McAdam's and i n  fact  may r e q u i r e   a n   e v e n   g r e a t e r   p a r t i c l e   c o n -  

trast w i t h   r e s p e c t   t o   t h e   i n n e r   b e l t s .  

J 

On the   o the r   hand ,   Branson ' s   da t a  are much s u b t l e r   i n  

d e f i n i n g   t h e s e   d i f f e r e n c e s .  Roughly  speaking,   he   f inds  an  outward  dis-  

placement  of  about 0 . 2  R and  between 2 1  cm and 75 c m  r e s u l t s   w i t h   a b o u t  

t h e  same b r i g h t n e s s   i n   e a c h  case. Taking  the same bandwidths as b e f o r e ,  
J 

64 



i .e .  , 600 MHz; i n  a b e l t  a t  R = 2.0 R o f  L = 2 R , produces   t he  

va lues  B 1 . 5  gauss ,  E = 3.3 MeV,  N(O) = 3 . 4 ~ 1 0  . The ene rgy   pe r  

p a r t i c l e ,   a n d   t h e   e n e r g y   d e n s i t y ,  are less t h a n   i n   t h e   i n n e r   b e l t .  

The main c o n t r a s t  is , of course , i n   t h e   p a r t i c l e   e n e r g y ,  which is con- 

d i t i o n e d  by t h e   c o n t r a s t   i n   t h e   o b s e r v e d   f r e q u e n c y   r a n g e .  

J '  J -5  

The c r u c i a l   d i s t i n c t i o n  among t h e s e   r e s u l t s  i s  t h e  

measu red   d i s t ance   f rom  the   cen te r   o f   t he   p l ane t   i n   each  case. The 

d e t e c t i o n   o f   b e l t s  a t  large d i s t a n c e s  may i n  fact have  been  achieved; 

t h a t   t h i s  is a p o s s i b i l i t y   n e e d s   t o   b e   c o n s i d e r e d   i n   t h e   d e s i g n   o f  

e x p e r i m e n t s   t o   b e   f l o w n   t o   J u p i t e r .  

I t  seems t o  me p r o b a b l e ,   n e v e r t h e l e s s ,   t h a t   o u t l y i n g  

be l t s   have   no t   been   de t ec t ed .  My reasons  are s e v e r a l   a n d   e s s e n t i a l l y  

ph i losoph ica l :  

( a )  Branson ' s   da ta  show only  a r e l a t i v e l y  weak 
ex tens ion  a-t 75 c m ;  t he   obv ious ly   h igh   qua l i t y  
and   exper ienced   techniques   o f   the  Cambridge 
g r o u p   r e q u i r e   t h a t  we weight  t h e i r  d a t a  
heav i ly .  

An equipment w i t h  l i m i t e d   r e s o l v i n g  power  tends 
t o  make small t h i n g s  seem l a r g e r ,   n e v e r  t o  make 
l a r g e r   t h i n g s  seem smaller. P u r e l y   i n t e r n a l  
measures of p rec i s ion   t end   a lways   t o  make a 
s o u r c e   n e a r   t h e   a c t u a l   r e s o l u t i o n  limit of an 
experiment seem l a r g e r   t h a n  it i s ,  and t o   w e i g h t  
t h e   r e s u l t s  more heav i ly   t han  .it merits. 

The e v i d e n c e   f o r   t h e   L - s h e l l   d i s t r i b u t i o n  of r e l a t i v i s t i c  

e l e c t r o n s  is v e r y   l i m i t e d .   S i n c e   f o r  many reasons  some f u r t h e r  state- 

men t s   r ega rd ing   t h i s   po in t  may b e   u s e f u l  it is necessa ry   t o   t u rn   t oward  

theory  and  what is  known a b o u t   t h e   e a r t h ' s   b e l t s   t o   s u g g e s t  what t h e  

s i t u a t i o n  a t  J u p i t e r  may be.  The e a r t h ' s   e l e c t r o n   b e l t s  a t  r e l a t i v i s t i c  

e l e c t r o n   e n e r g i e s  are f o r t u n a t e l y  for t h i s   p u r p o s e  more stable than  a t  

lower   ene rg ie s .   Fu r the rmore ,   t he  terrestrial  e l e c t r o n s  are more s t a b l e  
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i n   n e a r b y   p a r t s  of the   magnetosphere   than  a t  large d i s t ances   f rom  the  

e a r t h .   S i n c e   t h e   r e l a t i v i s t i c   e l e c t r o n s  a t  Jup i t e r   wh ich  are "observed", 

are n e a r   t h e   p l a n e t   w i t h   r e s p e c t   t o  estimates of Jupi te r ' s   magnetopause  

a n d   a p p e a r   t o   b e   q u i t e   s t a b l e ,  it seems r e a s o n a b l e   t o   c o n s i d e r   t h e  

s t eady- s t a t e   qu ie t - t ime   i nward   d i f fus ion   o f   e l ec t rons   t h rough .   Jup i t e r ' s  

magnetosphere as t h e i r   s o u r c e .  The s o l u t i o n   t o   t h i s   p r o b l e m   p o s e d   i n  

terms of  a Fokker-Planck  equation as g i v e n   f o r   t h e   e a r t h ' s   m a g n e t o s p h e r e  

by Davis  and Chang (1962) seems appropr i a t e   unde r   t he   c i r cums tances :  

t h e   e l e c t r o n   d e n s i t y  N(R) a t  d i s t w c e  R (where R and R are t h e   i n n e r  

and   ou ter  limits, r e s p e c t i v e l y ,   o f   t h e   r e g i o n  of d i f f u s i o n  [Hess, 1968, 

equat ion  6 .641)  is  g iven  by 

0 1 

.. 

Here K = C(R1/Ro) -13 , a c o n s t a n t ;   a l s o ,   i n   t h e   f o r m u l a   q u o t e d  by 

Hess, g 8,  and a = 9.   This   equat ion  can  be  regarded,  i f  one  wishes,  

as an   in te rpola- t ion   formula   be tween  the   magnetopause   and   the   ear th .  

I t  a l s o   c o n n e c t s   o b s e r v a t i o n s   o f   r e l a t i v i s i t c   e l e c t r o n s  a t  OP n e a r   t h e  

inner   boundary   o f   Jupi te r ' s   magnetosphere ,   wi th   the   p roper t ies   o f   the  

s o u r c e s   o f   t h e s e   e l e c t r o n s  a t  the  magnetopause.  Inasmuch as R and R 

are es t imable   parameters ,   whi le  N(R) i s  o b s e r v e d ,   t h i s   p r o v i d e s  a 

r a t i o n a l  way t o  connect   our  estimates of   the   magnet ic   f j -e ld  of J u p i t e r  

t o   t h e   s o u r c e   d e n s i t y  N(R1). This  i s  presumably some small fract . ion of  

t h e   s o l a r  wind dens i ty  a t  the   magnetopause .   Fur thermore ,   the   eneqg 

acqu i red  by t h e s e   e l e c t r o n s ,  as t h e y   d i f f u s e   i n w a r d   t o  R ,  is given by 

7 -1 

1 0 

n 

The  most  important  property  of  the  Fokker-Planck  solution 

given  above is t h a t  N(R) maximizes a t  R = 1 . 1 6  R and f a l l s  r a p i d l y ,  

as (R /R) N ( R  ) , outwards t o  i ts  va lue  N(R1). From t h e   " b e s t "  estimate 

o f   J u p i t e r   m a g n e t i c  moment, 4 . 2 ~ 1 0   c . g , s . ,   a n d   t h e   s t r e n g t h   o f   t h e   s o l a r  30 

wind a t  t h e   o r b i t  of J u p i t e r  , 0 . 2  pro tons  cm moving a t  4 C O  km sec , I 
f ind   Jup i t e r ' s   magne topause  a t  about 59R Its stand-off  shock may be 

4 
1 1 

0 ,  

-3  -1 

J '  
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l a r g e r ;   i n  any case t a k e  R = 59R = 4 . 2 ~ 1 0  c m .  Now w e  need  an estimate 

of t h e   i n n e r   b o u n d a r y   o f   t h e   d i f f u s i n g   r e g i o n .  I t a k e ,  somewhat a r b i t r a r i l y ,  

bu t   based  i n  p a r t  on t h e  0.2RJ d i sp lacemen t   o f   Jup i t e r ' s   magne t i c   f i e ld  

f r o m   t h e   r o t a t i o n   a x i s ,  as well as the   poss ib ly   obse rved  maximum o f   t h e s e  

e l e c t r o n s   t h e   v a l u e  as Ro = 1.6RJ.  Take,E(R) = 6.2  MeV f o r  R = 1.8R  Then, 

E(R = 6.2 MeV x (1.8/5913 = 177 eV. In t h e   e a r t h ' s   b e l t s ,   t h i s   s c a l i n g  

law f o r   e l e c t r o n s  is e m p i r i c a l l y  a q u a d r a t i c  l a w  i n s t e a d ;   a p p l i e d   t o   J u p i t e r  

t h i s   y i e l d s  E(R1) = 6.2 MeV x (1.8/5912 = 6670 eV, which is a g r e a t e r  

ene rgy   t han   ca r r i ed  by s o l a r  wind p ro tons ;   pe rhaps   t he   L - she l l   d i f fus ion  

model for J u p i t e r   e l e c t r o n s  works b e t t e r   t h a n  it d o e s   f o r   t h e   e a r t h .  N(R) 

is a maximum a t  R = 1.1555 R = 1.8RJ. Also, K = l.l~lO-~'. If t h e  

fo rmulae   fo r  t h e  i n t ens i ty   (page   58 )  are rep laced  by a p p r o p r i a t e   i n t e g r a l s  

o v e r   a n   e l e c t r o n   d i s t r i b u t i o n   o f   t h e   s h a p e   j u s t   d i s c u s s e d ,   t h e  pehk e l e c t r o n  

d e n s i t y   r e q u i r e d   t o  match Branson's (1968)   synchro t ron   br ightness  Tempera- 

t u r e  (183O K) above   the   d i sk  is N(K) = 6 . 3 ~ 1 O - ~  cm a t  R = 1.8R,. The 

11 
1 J 

J . 
1 

0 

-3 

-10 -3 lJ 

d i s t r i b u t i o n   t h e n   p r e d i c t s  N(R ) = 7x10 c m  a t  R1 = 59RJ, which  sug- 1 
g e s t s   t h a t  a f r a c t i o n   a b o u t  lo-' of t h e   t o t a l  number d e n s i t y   o f   s o l a r  wind 

e l e c t r o n s   i n c i d e n t  on Jupi te r ' s   magnetosphere  are t r apped   and   acce le ra t ed  

(see  below, for a compar i son   w i th   t he   ea r th ) .  The dens i ty   o f   ene rge t i c  

e l e c t r o n s   t h e r e f o r e  i s  N(R) = 2 . 2 ~ 1 0  R , where R i s  i n   u n i t s  of t h e   r a d i u s  

of J u p i t e r ,   a n d  1.8RJ5R559RJ.  The maximum o f   t h e   d i s t r i b u t i o n  i s  a t  

R = 1.8R ; N ( R )  f a l l s  r a p i d l y   t o   z e r o ,  a t  R = 1.6K The s u g g e s t e d   t y p i c a l  

e l e c t r o n   e n e r g y   d i s t r i b u t i o n   i n   r a d i u s  i s  E ( R )  = 3 . 6 ~ 1 0  R eV where R 

i s  aga in   expres sed   i n   un r i t s   o f   Jup i t e r ' s   r ad ius ,   and  R21.8RJ. I s h a l l  

no t   a t tempt  an e s t ima te  of the   spec t rum a t  t h i s  time. 

-3  -4  

J 
J '  7 -3 

The p i t c h - a n g l e   d i s t r i b u t i o n   s u g g e s t s  a crude estimate 

o f   t h e   d i s t r i b u t i o n  of e l e c t r o n s   i n   l a t i t u d e .  The c u t - o f f   l a t i t u d e  is 

about 45O. I t  is  i m p o r t a n t   t o  know  how this value   changes   wi th   L-she l l ,  

b u t   n o   r e l e v a n t   d a t a   a p p a r e n t l y   e x i s t .  The average   he ight  of  a 

c y l i n d r i c a l   s h e l l   e q u i v a l e n t   t o   t h i s  mirror l a t i t u d e  is 4.2RJ,  between 

an   i nne r   r ad ius  of 1.8R  and an o u t e r   r a d i u s   o f  3.8RJ.  There may be  

c o m p u t a t i o n a l   a d v a T t a g e s   t o   r e p r e s e n t i n g   t h i s   d i s t r i b u t i o n   a n a l y t i c a l l y .  
J 

For example ,   th i s   could   be   the   exponent ia l ,   exp[ - (+/$ , )  1, where (p = 

" c u t o f f "   l a t i t u d e  = 45O. 

z 
0 
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2 .2  Low energy electrons 

Low-energy  components o f   J u p i t e r ' s  be l t s ,  t he   ana logue  

o f   t h e  keV e l e c t r o n s   i n   t h e   e a r t h ' s   b e l t s ,  l i k e  J u p i t e r ' s  MeV e l e c t r o n s ,  

have   no t   been   obse rved   t he re .   Seve ra l   t heo r i e s   sugges t   t he   ex i s t ence  

of t h e s e   p a r t i c l e s ,   a n d   t h e r e  is modes t   i nd i r ec t   obse rva t iona l   suppor t  

f o r  them. 

The m o s t   d i r e c t   ( o f   t h i s   e s s e n t i a l l y   i n d i r e c t )   e v i d e n c e  

f o r  keV e l e c t r o n s  is  t h e   e x i s t e n c e   o f   d r i f t i n g   m i l l i s e c o n d   b u r s t s   i n   t h e  

d e c a m e t r i c   f r e q u e n c y   r a n g e .   T h i s   p o s s i b i l i t y   a p p e a r s   i n  work  by E l l i s  

(1965) .  The  phenomenon i s  t h e   p r e s e n c e   o f   d e c a m e t r i c   f i n e   s t r u c t u r e ,  

l a s t i n g  no more than  a few mi l l i seconds   wi th in   the   passband of  a r e c e i v e r  

ope ra t ing  a t  a f ixed   f requency .  E l l i s  p r e d i c t e d   t h a t  as e l e c t r o n s   s p i r a l  

t h r o u g h   J u p i t e r ' s  magnetic f i e l d ,   t h e y  emit t h e   d o p p l e r - s h i f t e d   c y c l o t r o n  

f r e q u e n c y   a p p r o p r i a t e   t o   t h e i r   p o s i t i o n   a l o n g  t h e  l i n e s  of f o r c e ,  which 

changes as a r e s u l t   o f   t h e i r   m o t i o n .  The e x p e c t e d   k i l o v o l t   e l e c t r o n s  move 

wi th   speeds   w i th in   an   o rde r  of magnitude or so o f   t h e   v e l o c i t y  of l i g h t ,  

t h a t  i s ,  v % 0 . 1 ~ .  I n   t h e   r a d i a l   p a r t   o f  a d i p o l e   f i e l d ,   t h e   r l a d i a l  

l o g r i t h m i c   d e r i v a t i v e   o f   t h e   f i e l d  i s  (l/B)(dN/dR) = -3/R. If a n   e l e c t r o n  

moves o u t w a r d s   a l o n g   t h i s   f i e l d  a t  speed v I I  , t h e n   t h e  time-rate of  change 

o f   t h e   f i e l d  is ( l /B) (dB/d t )  = - 3 3  / R .  T h e r e f o r e   ( l / f ) ( d f / d t )  = -0.3c/R. 

Warwick and Gordon (1965;   1967)   descr ibe   such   burs t s ,  

which are o b s e r v e d   s p e c t r o g r a p h i c a l l y   i n   t h e   r a n g e  24  t o  2 8  MHz. The i r  

d r i f t s   i n v a r i a b l y  are i n   t h e   s e n s e   d f / d t < O ,   a n d   t h e  rates are (numer ica l ly)  

ex t remely   h igh ,  -25 t o  -35 MHz sec . Normalized t o  25 MHz, t h e  rate is 

-1 sec . L e t  dR/dt = vII = - (R /Bf ) (d f /d t ) ;  a t  R = RJ = 7 . 1 ~ 1 0  cm, 

vII = 0 . 0 7 9 ~  outbound. 

-1 

-1 9 

These   burs t s   have   bandwidths   no   g rea te r   than  1 0 0  kHz 

( a   c o n s e r v a t i v e   u p p e r   l i m i t ) ;   t h e  ra te  a t  which this   band  sweeps  through 

the   spec t rum is 25,000 kHz sec . I n  a f ixed   f r equency   r ece ive r  whose 

bandwidth i s  cons iderably  less than  1 0 0  kHz, t h i s   b u r s t  w i l l  appear  

-1 
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t h e r e f o r e   f o r  less than  100/25,000  seconds = 4 m i l l i s e c o n d s .   I n  view o f  

t h e  fac t  t h a t  m o s t   r e c e i v e r s   i n   u s e   f o r   d e c a m e t r i c   s t u d i e s  are of f i x e d  

frequency,   with  bandwidths   this   narrow,  or narrower,  it seems a p p r o p r i a t e  

t o  ca l l  these   d r i f t i ng   emis s ions   s imp ly   "mi l l i s econd   bu r s t s " .  

T h e i r   a c t u a l   d u r a t i o n  is g r e a t e r   t h a n  4MHz/25 MHz sec-l = 160 

mi l l i s econds .   Th i s   imp l i e s  a very   cons iderable   d i s tance   th rough  which   the  

e l e c t r o n  moves 'from t h e  time o f  i ts  first d e t e c t i o n .  A t  a v e l o c i t y  0 . 1  c y  

t h e   e l e c t r o n  moves a t  least ( 0 . 7 0 ) ( 0 . l ) c  = 5100 k i lometers   whi le  w e  have it 

under  "observation".  Near J u p i t e r ' s   s u r f a c e ,   t h e   f i e l d   s t r e n g t h   v a r i e s  

n o n - l i n e a r l y   o v e r   t h i s   l a r g e  a d i s t a n c e .  The b u r s t   d r i f t s   a c t u a l l y  seem 

t o   b e   q u i t e   l i n e a r .  If n o t h i n g   f u r t h e r  were s a i d   a b o u t   t h e  matter, t h i s  

fact would seem t o   r u l e   o u t   t h e   a t t r a c t i v e   h y p o t h e s i s  of t h e i r   o r i g i n  

i n   r a p i d l y  moving e l e c t r o n s .  

A way t o   r e s c u e   t h e   h y p o t h e s i s  i s  possible ,   however ,  i f  

t h e   e l e c t r o n ' s   a d i a b a t i c   m o t i o n  i s  t aken   i n to   accoun t .   E lec t rons  move 

away f rom  the   p l ane t  more r a p i d l y ,   t h e   f a r t h e r   t h e y  are a b o v e   t h e i r   m i r r o r  

p o i n t  .6 This effect tends   to   compensa te  for t h e   h i g h l y   n o n - l i n e a r   v a r i a -  

t i o n   o f   f i e l d   s t r e n g t h   w i t h   r a d i u s .  I t  is p o s s i b l e   t o   f i n d  a combination 

o f  a mi r ro r   po in t   and  a h e i g h t  a t  which  outward  motion  produces a l i n e a r  

va lue   d f   / d t  . 

1 

The hypothesis  i s  t h a t   t h e   l o c a l   m a g n e t i c   f i e l d  B d e f i n e s  

the   observed   emiss ion   f requency .   Adiaba t ic   theory   says   tha t   v I ,  = v ( l  -B/Bm) . 
Here v i s  t h e   c o n s t a n t   t o t a l   v e l o c i t y ,   a n d  B the   mir ror -poin t   magnet ic  

f i e l d .  For motion  along a r a d i u s ,  w e  f i n d   t h e   d r i f t  rate 

(dB/dt) = (dB/dR)(dR/dt) = (dB/dR)v; i n   t h e   d i p o l e ,   ( l / B ) ( d B / d R )  = 3/R,  and 

dEi/dt = (3B/R)V,, . Therefore  

1/ 2 

m 

"" df - 3v 
f d t  R 

6 .  I t  seems q u i t e   f a i r   t o  assume these  eZectrons are moving away from 
Jupiter;  the  radiation  they  generate  st i  22 may or ig ina te   i n  a  backwards 
mode tha t   sa t i s f ies   the   re f lec t ion   condi t ion   d i scussed   ear l ier .  
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where R is  the   mi r ro r -po in t   r ad ius .  The obse rva t ion  i s  t h a t   d f / d t  i s  

independent  of frequency,  between f = 24 MHz and f = 28 MHz. We con- 

c l u d e   t h a t  

0 

2 1 

P u t t i n g  X2 = Ro/R24, and X1 = Ro/R2* we have 

2 2 [ q  =[?I 1 - x  3 1 
3 

1 - x  2 

Also f2 / f l  = (X2/X,) . The problem is t o   f i n d  X and X2 when 

f2/fl = 6 / 7 .  The s o l u t i o n  i s  R24 = 1.235 Ro, and R = 1.176 Ro. 

S i n c e   t h e  minimum R is presumably   ( for  a cen te red   d ipo le )  l R J ,  t h e  

minimum value   o f  vII , a c c o r d i n g   t o   t h i s   m o d e l ,  i s  

3 
1 

28 

0 

1 df  RJ 3 -+- 9 
" 1 -(Ro/R24)  3 -3.6~10 cm sec -1 = 0 . 1 2 ~ .  
f 2 4  d t  3 

A l t e r n a t i v e l y ,  i f  w e  assume t h a t  the d ipo le  moment, 30 MJ = 4.2~10 gauss c m  , 
w e  f i n d  R = [ 2MJ/(24/2.80)  11/3 = 9.9~10 cm; w e  u se   t he   p rev ious  for- 

mula,   with R r ep laced  by t h i s   v a l u e  , R24.  Then v = 5 . 0 ~ 1 0  c m  sec = 0 . 1 7 ~ .  

The e l ec t ron   ene rgy  is  about  4 keV or 8 keV r e s p e c t i v e l y .  

3 

9 
24 

9 -1 
J I1 

T h e r e  are s e v e r a l   o b j e c t i o n s   t o   t h i s   i n t e r p r e t a t i o n  of  

d r i f t i n g   m i l l i s e c o n d   b u r s t s .  

( a >  The e x p l a n a t i o n   j u s t   g i v e n   f o r   t h e i r   l i n e a r i t y  of  
f r e q u e n c y   d r i f t  is ad hoc; i n   o t h e r  words why does 
t h e   e l e c t r o n  s tar t  emi t t ing   on ly  a t  t h a t   p o i n t  on 
the   l i ne   o f   fo rce   where   t he   j u s t -desc - ibed   can -  
c e l l a t i o n   o f   e f f e c t s   o c c u r s ?  T h e r e  is no  easy 
exp lana t ion ,  a l l  t h e  more because   the   lowes t  fre- 
quency we observed,  24 MHz, l i e s  f a r  above   the  
ionosphere.  
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Some e lec t rons   mus t   be  moving  downward, wh i l e  
o t h e r s  move upward,  and p r e c i p i t a t i o n   s h o u l d  be 
s ta t is t ical .  Nevertheless  , m i l l i s e c o n d   b u r s t s  
c l e a r l y   a p p e a r  as d i s t i n c t   e v e n t s .   T h e r e  m u s t  
be   ano the r   phys i ca l  effect  p r e s e n t   t h a t   o r g a n i z e s  
t h e  times of occurrence  of   these  motions.   While  
t h i s  phenomenon may well e x i s t ,  it has  no  obvious 
s o u r c e  so  far as t h e   , p r e s e n t   i n t e r p r e t a t i o n  i s  
concerned. 

The i n t e n s i t y   o f   e m i s s i o n   i n   t h e s e   e v e n t s  i s  
e x t r a o r d i n a r i l y   h i g h ,   g r e a t e r   t h a n   i n   n o r m a l  
Jup i t e r   emis s ions  by a l a r g e   f a c t o r .   I n  any 
case (see be low)   the   wavele t s   emi t ted  by i n d i v i d u a l  
e l e c t r o n s  must   add   coherent ly   to   p roduce   the   observed  
i n t e n s e   e m i s s i o n .   I n   t h e   c o n t e x t   o f   t h e   p r e s e n t   d i s -  
cuss ion ,  w e  must   conclude  that   e lectron  bunching 
takes p l a c e ;   t h i s  is  a h i g h l y   l i k e l y  phenomenon no 
matter what t h e   d e t a i l s   o f   o r i g i n  of the   emiss ion  
may be.  But f o r   d r i f t i n g   m i l l i s e c o n d   b u r s t s  , t h e  
i m p l i c a t i o n  i s  s t r o n g   t h a t   e l e c t r o n s   o c c u r   i n   v e r y  
compact (D<<10  meters, t h e  f ree  space  wavelength 
of the  emission)  bunches,   which are wide ly   separa ted  
i n   s p a c e .  What b u n c h i n g   i m p l i e s   f o r   d r i f t  ra tes ,  
e lec t ron   energ ies ,   rad ia t ion   beaming,   and  so  f o r t h ,  
is unc lea r .  

The combin.ation  of ( c )  and   (b)  asserts t h a t   e l e c t r o n  
Bunches are h i g h l y   s e p a r a t e d   i n  both space  and 
time. 

The o b s e r v a t i o n s   s t r o n g l y   f a v o r  outward moving 
bunches, f o r  which t h e   i n t e r p r e t a t i o n   p r o v i d e s  no  easy 
exp lana t ion .  

There may be  no  answers  given t o  these problems. It  remains 

as a n e v e r t h e l e s s  r ea l  c o i n c i d e n c e   t h a t   t h e   f r e q u e n c y   d r i f t s  are what k i l o -  

vo l t   e lec t rons   could   p roduce .   Whether  w e  should  be  impressed by t h i s   c o i n -  

cidence  depends on whether w e  f ee l  c o n f i d e n t   t h a t   e l e c t r o n s  of t h i s   e n e r g y  

are p r e s e n t   n e a r   J u p i t e r .  They are o m n i p r e s e n t   i n   t h e   e a r t h ' s   b e l t s ,   a n d  

p l ay   impor t an t   ro l e s   w i th in   t he   au ro ra l   zones .  I f e e l  t h a t   p r o v i s i o n a l l y  

the   bas i c   e l emen t s   o f  Ellis' i n t e r p r e t a t i o n   o f   d r i f t i n g   m i l l i s e c o n d   b u r s t s  

ough t   t o   be   accep ted ,   bu t  some a s p e c t s   o f   t h e i r  phenomenology may well be 

d i f f i c u l t   t o  f i t  i n t o  t h a t  t heo ry .  Better d a t a ,   e s p e c i a l l y   c o n c e r n i n g   t h e  

s p a t i a l   a n d   a n g u l a r   p r o p e r t i e s   o f   m i l l i s e c o n d ' e m i s s i o n s ,   o u g h t   t o   h e l p  

sharpen up t h e   i n t e r p r e t a t i o n .  
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A number o f  X-ray de tec tors   recent ly   have   been   f lown t o  

d iscover   whether   Jupi te r   p roduces   observable   emiss ion .  Only  upper limits 

have  been s e t ,  and   t hese  are t o o   h i g h   t o   b e   o f   p r a c t i c a l   v a l u e   i n  

decamet r i c   t heo r i e s   ( s ee   be low) .   Neve r the l e s s ,   t hese   da t a   can   be   u sed  

t o  estimate the   upper  limit o f   l o w - e n e r g y   e l e c t r o n   f l u x e s   i n   t h e   b e l t s .  

The i n t e r a c t i o n   o f   t h e s e   f l u x e s   w i t h   t h e   a t m o s p h e r e ,   a n d   t h e i r   b r e m s s t r a h l u n g  

aga ins t   the   upper   a tmosphere  is what w e  should  observe i f  J u p i t e r ' s  

magnetosphere  bears a y  r e s e m b l a n c e   t o   t h e   e a r t h ' s .  The energy   ranges ,  

upper limits, and   sou rces   ( au tho r s )   o f   t hese   va lues  are tabula ted   be low;  

a l l  obse rve r s  f a i l  t o   d e t e c t   J u p i t e r .  

Photon  Energy, hw 

4 - 8 keV 

20 - 150  keV 

40 - 100  keV 

Upper L i m i t  of 
Observable  Flux CP - 
2 . 4 ~ 1 0 - ~   e r g  cm sec 

1 . 4 ~ 1 0 - ~   e r g  cm s e c  
( a t  40 keV, p o i n t  of 
g r e a t e s t   s e n s i t i v i t y )  

2 x 1 ~ - 9  e r g  cm sec -2 -1 

( fo r   nomina l  70 keV 
photons 

-2  -1 

-2  -1 

- 

Source 

' F i s h e r ,  e t  a l .  (1964) 

Edwards and McCracken 
(1967) 

Haymes, e t  a l .  (1968) 

The r e l a t i o n s h i p   d e s c r i b i n g   b r e m s s t r a h l u n g  is 

AE/E1 = 6 . 4 ~ 1 0 - ~ ( E  /E (Chamberlain,  1961)  where AE i s  t h e   t o t a l  1 0  
ene rgy   r ad ia t ed  by  an e l e c t r o n  of k i n e t i c   e n e r g y  E which. l i e s  i n  a broad 

continuum down in  energy  f rom % E E i s  t h e  rest energy.  Suppose 

t h a t   t h e   r e g i o n  on J u p i t e r ' s   a t m o s p h e r e   i n t o  which. e l e c t r o n s   p r e c i p i t a t e  

ex tends   one   deg ree   i n   l a t i t ude   and  60 deg rees   i n   l ong i tude ,   and   cove r s  

(60/41,253) of t h e   e n t i r e   s u r f a c e   o f   J u p i t e r .   S u p p o s e   t h a t  E is t h e  

photon  energy, h-u. Assume t h a t   e n e r g y  AE is r a d i a t e d   o m n i d i r e c t i o n a l l y  

and   cor responds   in   wavelength   to   photons ,   wi th   energy   equal   to   the   e lec t ron  

energy. Then the  observed  upper  limits on e l e c t r o n   f l u x   a v e r a g e d   o v e r   t h e  

1 

Emax 1' 0 

1 
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area A = 9 . 2 x 1 0 ~ ~  cm2 are as fo l lows:  

"-.. " 

Nominal 
E l e  c t r o n  

Upper L i m i t s  on Upper L i m i t s  Upper L i m i t s  on 

Flux  cm , -2 

N 
Flux Over "A", Densi ty ,  
T o t a l   E l e c t r o n  on   Elec t ron  

ANV 
Energy Y Nv 

-" "_ __ "~ 
"" " 

6 keV 1.8x10 34 sec 3. 7x106 cm-3 1.7~10 l6 cm-2 sec -1 -1 

40  keV 2.0xlO 3 -3 1. sec 1 . 7 ~ 1 0  cm sec 1 3  cm-2 -1 -1 

70 keV 6 .7x101* cmm2 sec 4 . 3 ~ 1 0  cm 6 x 1 ~ 3 0  sec -1 2 -3 -1 

- 

The r e l a t i o n s  among t h e  column e n t r i e s   i n   t h e   t a b l e s  are El = hv and 

ANv = 4nD 2@/AE. Here, N is t h e   e l e c t r o n  number d e n s i t y ,   v ,   t h e   e l e c t r o n  

speed ,  and DJ t h e   d i s t a n c e   t o   J u p i t e r .   F l u x e s   g r e a t e r   t h a n   t h e s e   c a n  

e x i s t   i n   t h e   b e l t s  i f  e l e c t r o n s  are e s s e n t i a l l y   p e r m a n e n t l y   t r a p p e d  or if 

t h e  few obse rva t ions  s o  fa r  at tempted by happens tance   f a i l ed   t o   be  made 

during a p a r t i c l e   " e v e n t "   i n   J u p i t e r ' s   a t m o s p h e r e .   T h i s  seems u n l i k e l y  

however; it a p p e a r s   t h a t   t h e s e  limits are very safe upper   values .  

J 

Another  type o f  a n a l y s i s   t h a t  can y ie ld   es t imates   depends  

on d e t a i l e d   i n t e r p r e t a t i o n   o f   d e c a m e t r i c   e m i s s i o n   l e v e l s .   T h i s   i n t e r p r e -  

t a t i o n   i n  many ways p a r a l l e l s   t h e   i n t e r p r e t a t i o n  of synchro t ron   r ad ia t ion  

from r e l a t i v i s t i c   p a r t i c l e s   i n   J u p i t e r ' s   b e l t s .  I t  s u f f e r s  a s e v e r e   d i s -  

a d v a n t a g e   t h a t   a l t e r n a t e   i n t e r p r e t a t i o n s  of t h e   d a t a  may b e   p o s s i b l e ,  or 

ph i losoph ica l ly   speak ing ,  are even  probable .  

The s t a r t i n g   p o i n t   f o r   i n t e r p r e t a t i o n s   o f   d e c a m e t r i c   e m i s s i o n  

is inva r i ab ly   t he   a s sumpt ion  -- r e a l l y  a conclus ion ,   b roadly   speaking  -- 
t ha t   t he   obse rved   r ad io   f r equency  l ies c l o s e   t o   t h e   g y r o f r e q u e n c y   i n   t h e  

source  (see  above for an  example  of t h i s   a s sumpt ion  as made by E l l i s ) .  

73 



Whether t he   f r equency  is p rec i se ly   t he   gy ro f requency ,  or r a t h e r ,  below or 

above it by  some c o n s t a n t  small ( even   l a rge )   f ac to r ,   vades   f rom  one  i n t e r -  

p r e t a t i o n   t o   a n o t h e r .   I n   t h e  case -- emission a t  the   gyrof requency  -- it 
seems r e a s o n a b l e   t o   e q u a t e   t h e   o b s e r v e d  power t o   t h e  power e m i t t e d  by 

low-energy   e lec t rons   in   the   form  of  gyro r a d i a t i o n .  A s ingle   low-energy 

electron  produces  power a t  t h e   ( p r e v i o u s l y   d e s c r i b e d )  ra te  

dW/dt = 4x10-' EB s i n 2  u E--units sec ; 2 -1 

€3 i s  i n   g a u s s .   T h i s   g o e s   i n t o  a b road ly -beamed   pa t t e rn ,   e s sen t i a l ly  

producing power 4x10 EB s i n  a (3/161~)( 1 t cos 0) E-uni ts  sec sr 'at-0 

t o   t h e   l i n e   o f   f o r c e ;  a is t h e   p i t c h   a n g l e   o f   t h e   e l e c t r o n ' s   s p i r a l  

t r a j ec to ry .   Th i s   emis s ion  i s  c i r c u l a r l y   p o l a r i z e d  a t  0 = O o ,  and 180°, 

a n d   l i n e a r l y   p o l a r i z e d  a t  O= 90°. The r a d i a t i o n   p a r a l l e l   t o   t h e   m a g n e t i c  

f i e l d  is RH, a n d   a n t i p a r a l l e l ,  LH p o l a r i z e d  in t h e   r a d i o   s e n s e .  The 

obse rved   decamet r i c   emis s ion   i n ,   fo r   example ,   mi l l i s econd   bu r s t s ,  i s  , 

c l o s e   e n o u g h   t o   t h e   c i r . c u l a r   s t a t e  f o r  u s   t o  se t  0 = O o .  Then,   the 

j -n t ens i ty  i s  I = 4 . 8 ~ 1 0  EB s i n 2   E - u n i t s   s e c  sr  . 

-9 2 2 2 -1 - 

-10 2 -1 -1 

Questions now arise of  t h e   p h a s e   r e l a t i o n s   a n d  of p h y s i c a l  

s e p a r a t i o n s   b e t w e e n   t h e   r a d i a t i n g   e l e c t r o n s .   C l e a r l y ,   t h e s e   r e l a t i o n s  

r e o r g a n i z e   t h e  power i n   t h e   e l e c t r o m a g n e t i c   f i e l d   i n t o  a d i f f e r e n t   p a t t e r n  

than. it wou.ld have  had  from a s i n g l e   a c c e l e r a t e d   e l e c t r o n .  If the  motion 

o f   each   o f   t he   e l ec t rons   i n   t he   f i e lds   p roduced  by a l l  t h e   o t h e r   e l e c t r o n s  

r.emains e s s e n t i a l l y  what it would  be i f  t h e   o t h e r   e l e c t r o n s  were n o t   p r e s e n t ,  

t hen   t h i s   gy ro   fo rmula  i s  s t i l l  u s e f u l .   I n   t h i s  case, we need t o  know 

o b s e r v a t i o n a l l y  jmt  one more p a r a m e t e r ;   t h i s  is t h e  bea.mi.ng p a t t e r n   r e s u l t i n g  

f r o m   t h e   t o t a l   d i s t r i b u t i o n  of  e l e c t r o n s .   V a l u e s   o f   t h i s  beaming are d i s -  

c u s s e d   w i d e l y   i n   t h e   l i t e r a t u r e   ( s e e  Wamick, 1967) and w i l l  no t   be   rev iewed 

a g a i n   h e r e .  I take t h e   v a l u e  3O as the  semi-angle  of t h e  beaming  cone,  based 

an   the   observed   decanet r ic   es ' fec t s   o f   the   var iab le  tilt o f   t h e   r o t a t i o n   a x i s  

d u r i n g   J u p i t e r ' s   o r b i t a l   r e v o l u t i o n .  The t o t a l  power emi t t ed   du r ing ,   s ay  

a m i l l i s e c o n d   b u r s t  a t  25 MHz follows  from a f l u x   d e n s i t y   o f  1x10 W m Hz . 
This   va lue  is i n t e n s e ,  as i s  a p p r o p r i a t e   t o   t h e s e   v e r y   s t r o n g   e m i s s i o n s .  The 
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bandwidth is less t h a n ,   s a y  100 kHz. The s p e c t r a l l y - i n t e g r a t e d   t o t a l   f l u x  

observed a t  t h e   e a r t h  i s  then  1~10-l~ erg cm sec . A cone   of  semi- 

ang le  3O subtends a s o l i d  angle of 8 . 6 3 ~ 1 0 - ~  sr. A t  4.04 .AU ( t h e   s t a n d a r d  

o p p o s i t i o n   d i s t a n c e  of J u p i t e r )   t h i s   c o r r e s p o n d s   t o   8 . 6 2 ~ 1 0   x ( 4 . 0 4  AU) = 
3 . 7 ~ 1 0 ~ ~  c m 2 ;  t h e   t o t a l  power i n  a m i l l i s e c o n d   b u r s t  is t h e r e f o r e   a b o u t  

4x10 e r g  sec (which is to say  4x10’ watts; I have  taken a s t r o n g   b u r s t ,  

which   accounts   for  why t h i s  estimate is more powerful   than I have  quoted 

e l sewhere) .  The power p e r   e l e c t r o n  i s  (4x10  wat ts)EB2  s in  a. Suppose t h a t  

E = 1 0  keV, and B = 8.9  gauss ( 2 5  MHz.= gyrofrequency).  Then t h e   t o t a l  

number o f   e l e c t r o n s  is  

-2  -1 

-3  2 

16 -1 

9 2 

N = 4x10 / (  4xlO-’ EB s i n  a) = 7 . 9 ~ 1 0 ~ ~   s i n  ct . 16 2 2 2 

We c o n v e r t   t h i s   t o  a dens i ty   va lue ,   and   t hen   t o  a f l u x   e s t i m a t e .  

The dura t ion   of  4 mi l l i s econds  a t  a s ing le   f r equency   imp l i e s  a s o u r c e   t h a t  

is  nowhere more than  4x300 = 1200  k i lome te r s  from a sphe re   cen te red  on us , 
t h e   o b s e r v e r s .  If t h e   s o u r c e  l i e s  a t  some g e n e r a l   a n g l e  it may b e   t h a t   t h e  

s u r f a c e  i s  % 1200   k i lome te r s   ac ross ;   d i r ec t   i n t e r f e romet ry   (bu t   no t   o f  milli- 

s e c o n d   b u r s t s )  shows emission  sources  less than  400 k i lometers   across  

(Dulk,   1969).  I t a k e  a nominal   t ransverse  dimension  of  1 0  cm. Along t h e  

magne t i c   f j e ld ,   t he   dep th   can   be  no thicker   than  the  narrow  f requency  band-  

wid th   permi ts .   This   va lue  a t  t h e   s u r f a c e  of J u p i t e r  is  

8 

For 1 0 0  kHz r a d i a t i o n  a t  25 MHz t h e   r e s u l t i n g  volume is 

10 c m  x l o 8  cm x 9x10 c m  = 9 ~ 1 0 ~ ~  cm3;  t h e   d e n s i t y  of 10  keV e l e c t r o n s  is 

9x10 / s i n  a c m  ; t h e i r   f l u x  is (O.l)cN = 2 . 7 ~ 1 0   / s i n  ct cm sec . 
.8 6 

7 2 -3   17  2 -2 -1 

The t o t a l  number of  e l e c t r o n s   r e q u i r e d   o n   t h i s   s i m p l e  

h y p o t h e s i s   t o   g e n e r a t e   t h e   d e c a m e t r i c   e m i s s i o n  is only  one  order   of  

magnitude less t h a n   t h e   u p p e r  limit se t  by t h e   a t t e m p t s   t o   o b s e r v e   J u p i t e r  

by 6 keV X-ray photons.  The e n e r g y   d e n s i t y   o f   t h e s e   e l e c t r o n s  i s  1 6   e r g  cm 

greater t h a n   t h e   f i e l d   e n e r g y   d e n s i t y   f o r   t h e   f i e l d  a t  25 MHz gyrofrequency 

( = 3.2   e rg  c m  1. The va lue  i s  much less than  one  atmosphere , bu t  may 

-3 
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exceed   the   p ressure  a t  t h e   r e l e v a n t   h e i g h t s   i n   J u p i t e r ' s   i o n o s p h e r e .  

On t h i s  model t h e r e   a p p e a r s  no way o u t   o f   t h e  dilemma posed by t h e s e  

e n e r g e t i c s  , o t h e r   t h a n   t o  assume a l a r g e r   s o u r c e ;   o n l y  i t s  t r a n s v e r s e  

dimensions are a l t e r a b l e ,   a n d   o n l y  by a f a c t o r   o f   a b o u t  1 0  i n  area. 

T h i s   d e c r e a s e s   t h e   p a r t i c l e   e n e r g y   d e n s i t y   t o  a l eve l   &ou t   one  or two 

orders   of   magni tude less t h a n   t h e   i o n o s p h e r i c   p r e s s u r e   i n   t h e   J u p i t e r  

equiva len t   o f   our   E- reg ion .  I t  appears  t o  increase   the   d imens ions   o f  

t h e   s o u r c e   b e y o n d   v a l u e s   c o n s i s t e n t   e i t h e r   w i t h   t h e   b u r s t   d u r a t i o n s ,  or 

s o u r c e   i n t e r f e r o m e t r y .  

L 

The e n t i r e   t h r u s t   o f   t h i s   a n a l y s i s   d e p e n d s  on t h e   i n d i v i d u a l  

e l e c t r o n ' s   t o t a l   c o n t r i b u t i o n   t o   t h e   e m i s s i o n   b e i n g  much less t h a n   t h e  

e l ec t ron   ene rgy .  The r a d i a t e d  power d iv ided  by t h e   k i n e t i c   e n e r g y  i s  much 

less t h a n   t h e   g y r o f r e q u e n c y ,   i n   f a c t  

(dW/dt)/Ewg = 2 . 2 5 ~ 1 0 - l ~  B s i n  a <<1 .. 2 

I n   t h e   d u r a t i o n   o f  a b u r s t  a t  one  f requency,   say 4x10 s e c o n d s ,   t h e   t o t a l  

emi t ted   energy   f rom  an   e lec t ron  is 

-3 

[(dW/dt)/El x 4 ~ 1 0 " ~  = 1.6~10 B s i n  c1 . -11 2 2 

For  f i e l d s   o f  1 0  g a u s s ,   t h e   t o t a l   r a d i a t e d   e n e r g y  i s  much less t h a n   t h e  

p a r t i c l e   e n e r g y ,  as r equ i r ed .  

Other  mechanisms , i f  they  are not  s o  conse rva t ive   o f  

e l ec t ron   ene rgy ,  w i l l  r e q u i r e  fewer e l e c t r o n s   o f  a given  energy  and w i l l  

t h e r e f o r e   l e a d   i n   t h e   d i r e c t i o n   o f  more r e a s o n a b l e   t o t a l   p a r t i c l e   e n e r g e t i c s .  

In   o the r   words ,  a more e f f i c i e n t  mechanism may conver t  more o f   e a c h   e l e c t r o n ' s  

e n e r g y   i n t o   r a d i o   r a d i a t i o n ,   a n d   t h u s   r e q u i r e  fewer e l e c t r o n s   t o   b e g i n  

w i t h . .  
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Such  mechanisms  can r e l y  on s t rong   i n t e rac t ion   be tween  

e n e r g e t i c   e l e c t r o n s   a n d   t h e i r   r e s u l t a n t  wave f i e l d .  To estimate t h e  

s i z e   o f   t h i s  effect  I compare t h e   f o r c e  on an e l e c t r o n  as a resu l t  o f  

t h e   t o t a l  wave f i e l d  from a l l  e l e c t r o n s ,   w i t h   t h e   f o r c e  on t h e   e l e c t r o n  

from the   Loren tz  force o f   t h e  s ta t ic  f i e l d .  The t o t a l  wave f i e l d  is i n  

a real s e n s e   o b s e r v a b l e ;   t h a t  i s  the   Poyn t ing   f l ux   ove r   t he   sou rce  

f o l l o w s   f r o m   t h e   t o t a l   e m i t t e d  power i f  w e  know t h e  source area. Again, 

t h e  power is 4x1Ol6 e r g s  sec , and  the  area7 o f   t h e   s o u r c e  -1 

10l6 cm2 = 1000 km x 1000 km. The Poyn t ing   f l ux  is c7/47r = 4 e r g s  cm-2 sec , 
where 7 is t h e  mean square e lec t r ic  v e c t o r   ( i n  e .s .u. ) a t  t h e   s u r f a c e   o f   t h e  

sou rce .  Let = c 2  / 2 .  The wave energy   dens i ty  is 1.3~10 e r g s  cm , 
and = 5 . 8 ~ 1 O - ~  e.s .u. Now the  comparison is between e E  and evB (sin a > / ~ .  

T h e i r   r a t i o  is  6.5xlO-’/sin a .  I c o n c l u d e   t h a t   t h e  wave f i e l d  is n o t   o f  

i t s e l f  s t rong   enough   t o   pe r tu rb   e l ec t ron   mo t ions   pe rcep t ib ly   f rom  the i r  

h e l i c a l   m o t i o n s .  The  wave f i e l d  i s  q u i t e   c o m p a r a b l e   t o   t h e   f i e l d   n e a r  a 

one-wat t   t ransmi t te r   in   the   ionosphere   where   waves   in   var ious  modes g e n e r a l l y  

appear  as a r e s u l t .  

-1 

- - -10 -3 
0. 

0 

We have   learned  two t h i n g s :   t o  create the   emis s ion   by   d i r ec t  

gy ro   r ad ia t ion   even   f rom  cohe ren t ly   o sc i l l a t ing   e l ec t rons   r equ i r e s   t oo  many 

e l e c t r o n s   o f   t h e  1 0  keV v a r i e t y ,  from t h e   p o i n t   o f  view o f   e i t he r   magne t i c  

confinement ,   a tmospheric   energet ics  , and  possibly X-ray obse rva t ions ,   and  

t h e  e l ec t r i c  wave f i e l d   w i t h i n   t h e   s o u r c e   l e a d s   t o   f o r c e s  on t h e   e l e c t r o n s  

much weaker   than   the   Lorentz   force   o f   the  s t a t i c  magne t i c   f i e ld .  

The c o n c l u s i o n   a p p e a r s   i n e v i t a b l e   t h a t   t h e   e l e c t r i c   f i e l d s ,  

wh ich   o rgan ize   t he   e l ec t ron   mo t ions   i n to   cohe ren t   pa t t ens   o f   t he   r equ i r ed  

a m p l i t u d e s   a n d   i n   p r o p e r   r e l a t i o n   t o   t h e   L o r e n t z   f o r c e s ,  are n o t   t h e  

wave electric f i e l d s   r a d i a t e d  by s t r e a m i n g   p a r t i c l e s .  The  wave f i e l d s  

may not  even relate t o   e l e c t r o n   f l u x e s  from J u p i t e r ’ s   b e l t s ,   a l t h o u g h  

t h i s  may be a very   reasonable   hypothes is .  The s t reaming,  i f  it is t o  be 

r e l e v a n t ,  must create e l e c t r o s t a t i c  wave f i e l d s   t h a t  somehow c o u p l e   i n t o  

EM r a d i a t i o n .  

7. I (Warwick, 1967) previouszy  estimated  energy  density  for a souree 
l o 4  km x l o 4  km; those   resu l t s ,   aZlming   for   the   d i f ference  in 
assumed source  s ize ,   are   qui te   s imilar  t o  the  present ones. 
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By “electric wave f i e l d s ”  I r e a l l y   i n t e n d  “electric f i e l d s  

o s c i l l a t i n g  near  the   e l ec t ron   gy ro f i - equency“  , n o t   n e c e s s a r i l y   p r o p a g a t i n g  

waves. 

The r o l e   o f   t h e   p l a s m a  near  J u p i t e r   t h e r e f o r e  seems v i t a l  

t o   t h e   g e n e r a t i o n  mechanisms of   decametr ic   emission.  If p a r t i c l e s   f r o m  

the   magnetosphere   a l so  are v i t a l ,   t h e n  it sugges t s  we c o n s i d e r   t h e   i n t e r -  

a c t i o n   o f  a fast  e l e c t r o n   w i t h  a magnetic plasma. I f ,  on t h e   o t h e r   h a n d ,  

waves are v i t a l ,  we o u g h t   t o   c o n s i d e r   t h e   i n t e r a c t i o n  o f ,  say  hydro- 

magnetic waves wi th  a magnetic  plasma. 

The f irst  t y p e   o f   p r o c e s s   i n v o l v e s   t h e   s t i m u l a t i o n ,  by 

i n c i d c n t   e l e c t r o n s ,  of waves  whose phase   ve loc i ty   co r re sponds   i n  a s imple  

way . t o   t h e   l o n g i t u d i n a l  component o f   t h e   i n c i d e n t   e l e c t r o n   v e l o c i t y .  

I n  cases where   there  is only   one   e lec t ron ,  or j u s t  a few e l e c t r o n s ,   t h e  

amount o f   e n e r g y   t r a n s f e r r e d   t o   p l a s m a  waves i n   t h i s  way is very small, 

only  comparable t o   t h e   e n e r g y   l o s t ,   f o r   e x a m p l e ,  by a s i n g l e   g y r a t i n g  

e l ec t ron   t h rough   gy ro   r ad ia t ion .   Th i s   p rocess  is  c a l l e d   i n c o h e r e n t  

Cerenkov  emission; i ts  ampl i tude   can   be   es t imated  (Warwick, 1961,  1963a, 

1 9 6 3 ~ )  from an e x p r e s s i o n   g i v e n   i n i t i a l l y  by Pines  and Bohm ( 1 9 5 2 ) .  This  

is  
2 

w 
- P me loge (1 t E), 2 E 

”_ - 
ds 4 E 

where  dE/ds is p a r t i c l e   e n e r g y  loss p e r   u n i t   d i s t a - n c e   t r a v e l e d   i n  a plasma, 

whose c h a r a c t e r i s t i c   f r e q u e n c y  is w = (4.rrNe  /m)1’2 r a d i a n s  sec . Here 
P 

kT is the   t he rma l   ene rgy  of t h e   a m b i e n t   p l a s m a ,   p e r   p a r t i c l e .  The formula 

r e q u i r e s   t h a t  E>>kT.  Numerically,   dE/ds  %1.7x10  ergs c m  f o r  a 1 0  keV 

e l e c t r o n   i n  a 140° K p lasma  whose   charac te r i s t ic   f requency  i s  1 0  MHz. Assume 

t h a t   t h e   d i s t a n c e   o v e r   w h i c h   t h e   i n t e r a c t i o n   o c c u r s  is one ionosphe r i c  scale 

h e i g h t  1 0  c m .  T h i s   v a l u e   i n c i d e n t a l l y   i n s u r e s   t h a t   t h e   g y r o f r e q u e n c y   r a n g e  

l i e s  wi th in   t he   obse rved   bandwid th .   Then ,   t he   t o t a l   ene rgy   l o s t  is 1 . 7 ~ 1 0   e r g s ,  

which i s  t h e   f r a c t i o n  1x10 o f   t h e   i n i t i a l   e n e r g y .  For gyro r a d i a t i o n ,   t h e  

e q u i v a l e n t   c a l c u l a t i o n   ( p .   7 4 )  shows o n l y   t h e   f r a c t i o n   1 . 3 ~ 1 0   s i n  a. I n  

other   words,   incoherent   Cerenkov  emission is more f a v o r a b l e   i n  terms o f   t h e  
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energy   resources   o f  an i n d i v i d u a l   e l e c t r o n   t h a n  is g y r o   r a d i a t i o n  by two 

o rde r s  o f  magnitude. 

This   i sn ' t   very   favorable ,   however ,   inasmuch as f a r  t o o  

many p a r t i c l e s  still are requ i r ed .  Because incoherent  Cerenkov  emission 

is more e f f i c i e n t   t h a n   g y r o   r a d i a t i o n ,   t h e   t o t a l  number of e l e c t r o n s  

involved  is abou t   t h ree   o rde r s   o f   magn i tude  less than   the   upper  limits 

s e t  by  X-ray obse rva t ions  a t  40 keV. Thei r   energy   dens i ty  i s  still com- 

p a r a b l e   t o ,  albeit less than ,   t he   f i e ld   ene rgy   dens i ty ,   and   p robab ly   exceeds  

the   a tmosphe r i c   p re s su re  a t  t h e  assumed h e i g h t s   o f   o r i g i n .  

The p h y s i c a l   s i t u a t i o n   i n   w h i c h  a beam of e l e c t r o n  moves 

as though  each  e lectron were independen t   i n to   t he   p l ane ta ry   i onosphe re  

is u n r e a l i s t i c .  However, t h e   i o n o s p h e r i c   e l e c t r o n $  are a low-energy 

p l a sma   c loud   and   t he   ex te rna l   e l ec t rons  are , r e l a t i v e  -to the   ionosphere ,  

a plasma  c loud.   These  two  c louds  interpenetrate  as two streams o f   p a r t i c l e s .  

The v e l o c i t y   d i s t r i b u t i o n  of t h e  sum of t h e  two i s  b imodal ,   the   thermal  

ve loc i ty   d i s t r ibu t ion   w i th in   each   c loud   r ep resen t ing  a small sp read  com- 

p a r e d   w i t h   t h e   l a r g e   d i f f e r e n c e   i n   v e l o c i t y   r e s u l t i n g   f r o m   s t r e a m i n g .  It  is 

a famous  problem i n   p l a s m a   p h y s i c s   t o   d e s c r i b e   t h e   d i s p e r s i o n   r e l a t i o n  for 

waves i n   t h i s   b i m o d a l   d i s t r i b u t i o n .  For u s ,  it i s  impor tan t  t o  understand 

t h a t   i n   t h e   a n a l y s i s ,   t h c  gross ve loc i ty   and   dens i ty   d i s t r ibu t ion   r ema ins  

e s s e n t i a l l y   u n m o d i f i e d .  However ( i n   t h i s   p e r t u r b a t i o n   t h e o r y )  waves  can 

e x i s t   i n   t h e  medium which  have a growing  amplitude as a func t ion   of  time. 

This  means t h a t   t h e   p r o p o s e d   v e l o c i t y   d i s t r i b u t i o n  i s  uns t ab le .  

The t w o - s t r e a m   i n s t a b i l i t y   r e s u l t s   i n  a kind  of   coherent  

Ce renkov   emis s ion .   Ind iv idua l   e l ec t rons   o f   t he   i nc iden t  stream and of 

t h e  ambient  plasma  bunch  around  points  along  the  direction of motion 

because  the  ambient   plasma  contains  a wave mode whose ve loc i ty   matches  

t h a t  of t h e  stream. I t  is  clear t h a t  an  upper limit t o   t h e   a m p l i t u d e  of 

t h e   r e s u l t i n g   p l a s m a  wave, or a lower limit of t h e   r e q u i r e d  fluxes, is 

given by t h e   c o m p l e t e   c o n v e r s i o n   o f   t h e   i n c i d e n t   p a r t i c l e  stream i n t o  

a plasma  wave. 

79 



I 

Whether t h i s   u p p e r  limit is a l s o   a n   a p p r o x i m a t i o n   t o   t h e  

a c t u a l  wave genera ted  is ano the r  matter e n t i r e l y .   F u r t h e r m o r e ,   t h i s  

wave of   course   need   no t  , or perhaps w i l l  no t ,   be  a wave t h a t   p r o p a g a t e s  

f r e e l y   i n t o   t h e  empty space   su r round ing   Jup i t e r ,   and   t o   wh ich   t he  

o b s e r v a t i o n a l  estimates o f  wave e l ec t r i c  f i e l d   s t r e n g t h   a p p l y .  But on 

p u r e l y   i n t u i t i v e   g r o u n d s ,   t h e s e  estimates may b e   v a l i d ,  as a p p l i e d   t o   t h e  

a c t u a l  circumstances a t  J u p i t e r .  

All of   t he   dozens   o f   phys i ca l  phenomena t h a t  are neg lec t ed  

i n   t h i s   a n a l y s i s  must i n   o u r   f i n a l   d e f i n i t i v e   u n d e r s t a n d i n g   o f   J u p i t e r  

decametr ic   emission  appear  as f a c t o r s   t h a t  decrease t h e   e f f i c i e n c y   o f   t h e  

Cerenkov  process   somewhat ,   wi thout   inval idat ing  the str ict  lower limit 

on p a r t i c l e   f l u x e s   t h a t   r e s u l t s .  A compar ison   of   these   resu l t s   wi th   the  

incoherent   Cerenkov  process  w i l l  show tha t   abou t   s even   o rde r s   o f   magn i tude  

greater e f f i c i e n c y   p e r   e l e c t r o n  i s  g a i n e d   i n   t h i s  way. Suppose i n t u i t i v e l y  

t h e r e f o r e ,   t h a t  99 p e r c e n t   o f   t h e   a v a i l a b l e   s i n g l e   p a r t i c l e   e n e r g y   g o e s  

i n t o   o t h e r   p r o c e s s e s   t h a n   e s c a p i n g  EM r a d i a t i o n .  The g a i n   i n   t h e   c o h e r e n c e  

process  is about 1 0  x t h e   s i n g l e   e l e c t r o n   C e r e n k o v   t h e o r y  , and l o 7  x t h e  

gyro r a d i a t i o n   t h e o r y .  

5 

I estimate t h e  wave ampli tude of t h e   e s s e n t i a l l y   e l e c t r o -  

s t a t i c  wave i n   t h e  medium on t h e   h y p o t h e s i s   t h a t   t h e   d i s t u r b a n c e  is 

s i n u s o i d a l   a n d   t h a t   t h e   f l u x   o f   e s c a p i n g   r a d i a n t   e n e r g y   e q u a l s   t h e   f l u x   o f  

e n e r g y   i n   t h e   p a r t i c l e  stream t h a t  i s  i t s  source .  Where s l ies  i n   t h e  

d i r e c t i o n  of p a r t i c l e   s t r e a m i n g ,   a n d  E is the  magni tude of t h e  e l ec t r i c  

vec to r ,   t he   d ive rgence   equa t ion  s ta tes  t h a t  dE/ds = -4~reN s i n   k s   e . s . u .  

Here N is t h e   d e n s i t y   a m p l i t u d e   o f   t h e  wave c r e a t e d   i n   t h e  medium by t h e  

p a r t i c l e  stream. For a wave f r e e l y   p r o p a g a t i n g   i n  empty s p a c e   t h e  wave 

vec to r s  E and 8 are equa l   i n   magn i tude ,   and   t he   f l ux   o f   ene rgy  is  t h e  

Poynt ing  value ( c /4~r )  E B .  I n   t h e   p r e s e n t  case, the   d ive rgence   equa t ion  

r e p r e s e n t s  a d i s tu rbance ,  E ,  a l o n g   t h e  stream d i r e c t i o n ,   a n d   n o t  a com- 

p l e t e  EM wave inc lud ing  a v a l u e   f o r  B .  The mechanisms tha t   p roduce  8 , 
a v e c t o r   t h a t   t o g e t h e r   w i t h  E r e p r e s e n t s  a propagat ing  EM wave, are 

e s s e n t i a l l y   i r 7 e l e v a n t  at t h i s   p o i n t .   R a t h e r ,   t h e  e l ec t r i c  v e c t o r  w i l l ,  

1 

1 
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i n  any   o f   t he  mode coupl ing  mechanisms,   generate   the 73 v a l u e   r e q u i r e d   t o  

f i t  t h e  boundary   cond i t ions   i n   t he   coup l ing   r eg ion .  I t  is t h e r e f o r e   p l a u s i b l e  

t o   e q u a t e   t h e   P o y n t i n g   f l u x   t o   t h e   v a l u e   o f  ( c / ~ T )  E as es t imated   f rom  the  

divergence  equat ion.   That  is ,  t h e  EM f l u x   e v e n t u a l l y   a r i s i n g   f r o m   a n  

e l ec t ros t a t i c  wave of   ampli tude E = 4 ~ e N  /k is c Eo2/8a . The i n c i d e n t  

f l u x   o f   e n e r g y   i n   t h e   f o r m  of p a r t i c l e s  is (mv /2)Nsv where Ns i s  the   pa r t i c l e  

stream d e n s i t y ,  m is t h e   p a r t i c l e  mass, and v is i t s  ve loc i ty .   There-  

f o r e ,  by hypothes is  

2 

0 l 2  

CE; 1 3 
- -  - N mv 

877 2 s  
- 

I n   g e n e r a l ,   t h e r e  

between k a n d   t h e   t o t a l   e l e c t r o n  

r e l a t i o n   e x i s t s   a l s o   b e t w e e n   t h e  

= NEv. 

will be a re la t ion   be tween k and  v,  and 

dens i ty   o f   the   ambience .   Therefore ,  a 

t o t a l   e l e c t r o n   d e n s i t y   a n d  N1 which 

m u s t   b e   c o n s i s t e n t   w i t h   t h e   t o t a l   e l e c t r o n   d e n s i t y .  

For a g iven   va lue   o f  v t h e r e  are s e v e r a l   f r e q u e n c i e s  

than   usua l ly   sa t i s fy   the   Cerenkov  condi t ion   v (phase)%v.   These  are fre- 

quencies  a t  which t h e   i n d e x   o f   r e f r a c t i o n   o f   t h e   e x c i t e d  wave mode is 

g r e a t e r   t h a n   u n i t y .  One o f   t h e s e   f r e q u e n c i e s  is n e a r   t h e   e l e c t r o n   g y r o  

frequency  which is  one o f   t h e   f e a t u r e s   t h a t   t u r n e d  my a t t e n t i o n   t o w a r d  

Cerenkov effect  as a source   o f   decametr ic   emiss ion .   In   these   c i rcumstances ,  

k ,  the   magni tude   o f   the  wave v e c t o r ,  i s  g r e a t e r   t h a n  its free space   va lue ,  

and   e s sen t i a l ly   can   t ake  on  any  value  for  a g iven   va lue   o f   v ,   wi th  small 

va r i a t ion   o f   t he   p l a sma   f r equency   b r ing ing   t h i s   abou t .  

The f requency   of   the   genera ted  wave depends on which (or 

w h i c h   o n e s   o f   t h e )   s i n g u l a r i t y ( i t i e s )   i s ( a r e )   e x c i t e d  by t h e   p a r t i c l e  stream. 

The stream e n t e r i n g   t h e   p l a n e t a r y   i o n o s p h e r e   e x t e r n a l l y   e n c o u n t e r s  -the 

p l a s m a   i n s t a b i l i t y   r e g i o n s   i n  a d e f i n i t e   s e q u e n c e .  If t h e   e l e c t r o n   g y r o -  

f requency  exceeds  the  plasma  f requency,   the first s i n g u l a r i t y   e n c o u n t e r e d  

w i l l  be   nea r ,   and   s l i gh t ly   be low,   t he   gy ro f requency .  If a s i g n i f i c a n t  

f r a c t i o n   o f  stream e n e r g y   g o e s   i n t o   e x c i t i n g   t h i s   i n s t a b i l i t y  (as I s h a l l  

argue is t h e  case) t h e n   n o   f u r t h e r   s i n g u l a r i t i e s   s u c h  as the   p lasma  f requency  

r e a l l y   n e e d   b e   c o n s i d e r e d   s i n c e   t h e r e   w o n ' t   b e   i n c i d e a t   p a r t i c l e s   t o   e x c i t e  

them. 
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A s  an  example, I f i n d   t h a t  an escaping  wave corresponding 

t o   o b s e r v e d   e m i s s i o n   f r o m   J u p i t e r   r e q u i r e s  N = 4 ~ 1 0 - ~  c m  e l e c t r o n s  

a t  E 1 0  keV. T h e i r   f l u x  i s  N v = 2x10 cm sec , depos i t i ng  a t o t a l  

o f  2x102' e l e c t r o n s  sec o v e r   t h e   s o u r c e .  The t o t a l  power  deposited i s  

(by hypothes is ,   and ,  as a check, by computation) 4x10 e r g s  sec . The 

d e n s i t y   o f   p l a s m a   e l e c t r o n s   f o r m i n g   t h e   e l e c t r o s t a t i c  wave is N = 1 0  cm , 
w h e r e . k ,   t h e   p r o p a g a t i o n   c o n s t a n t ,  is t a k e n   c o r r e s p o n d i n g   t o   t h e  stream 

e l e c t r o n   e n e r g y   ( v e l o c i t y )  1 0  keV (6x10 cm sec 1. That i s  k = O / V ,  wi th  

w = 2 ~ x 1 0  MHz; the   corresponding  wavelength is 27rv/o = 6 meters. The index  

of r e f r a c t i o n  n = c /v  = 5 ;  v is of   course  far  h ighe r   t han   t he   expec ted  

t h e r m a l   e l e c t r o n   v e l o c i t i e s ,   i n   J u p i t e r ' s   a t m o s p h e r e  or magnetosphere. 

-3  
S 

8 -2 -1 
S -1 
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2 - 3  
1 

9 -1 

The r e q u i r e d   f l u x   o f   e l e c t r o n s   f o r   i n c o h e r e n t   C e r e n k o v  

r a d i a t i o n  is 2.5~10 sec ; t he   l ower  limit of f l u x   r e q u i r e d   f o r  

cohe ren t   r ad ia t ion  must  exceed 2 . 5 ~ 1 0  c m  sec . The r e q u i r e d   f l u x  

for g y r o   r a d i a t i o n  is 2 .  7x1017 ( s i n  a) cm sec . With  an a r b i t r a r y  

e f f i c i e n c y   f a c t o r  of 1 0  included,   the   coherent   Cerenkov  process   appears  

1 5  cm-2 -1 

8 -2 -1 

- 2  -2 -1 

2 

t o   r e q u i r e  a p a r t i c l e   f l u x   o f   2 . 5 ~ 1 0  cm sec 1 0  keV e l e c t r o n s .  We 
1 0  -2  -1 

have   exc luded   d i r ec t   gy ro   r ad ia t ion  on t h e   b a s i s   o f   p a r t i c l e   e n e r g y  

dens i t i e s   and   o f  a p o s s i b l e   o b s e r v a t i o n a l   l i m i t a t i o n   b a s e d  on X-ray f l u x  

limits. 

Plasmas of   the   dens i t ies   undoubtedly   found  near   the   upper  

s i d e  of J u p i t e r ' s   i o n o s p h e r e   c a n   i n t e r a c t   w i t h   i n c i d e n t  streams of e l e c t r o n s  

and w i l l  p r o d u c e   l a r g e - e n o u g h   a m p l i t u d e   o s c i l l a t i o n s   t o   a c c o u n t   f o r  

decametr ic   emiss ions   wi th   on ly   re la t ive ly   modes t   e lec t ron   f luxes .  F o r  

t h e s e   r e a s o n s ,   t h e   t w o - s t r e a m   i n s t a b i l i t y  mechanism, d r i v e n   t o   t h e   h i g h l y  

non- l inear  limit i n  w h i c h   s i g n i f i c a n t   f r a c t i o n s   o f   i n c i d e n t  stream energy 

f l u x  l i e  i n   e l e c t r o s t a t i c  modes of   the   ambient   p lasma,   appears   to   be   the  

most p laus ib le   explana t ion   of   decametr ic   emiss ion .  

However, a s i g n i f i c a n t   q u a l i f i e r   n e e d s   t o   b e   a d d e d .  The 

assumption i s  v i t a l  t h a t  t h e r e  be p a r t i c l e   s t r e a m i n g .  The r e a s o n   t h a t  

w e  i n f e r   t h a t   p a r t i c l e s  are involved may be  no more s o p h i s t i c a t e d   t h a n  
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t he   obse rved   p re sence   o f   nega t ive ly -d r i f t i ng   mi l l i s econd   bu r s t s   w i th  

t h e   " c o r r e c t "   d r i f t  rates. That i s ,  of course ,   no  small suppor t  for 

t he   t heo ry ,   bu t   neve r the l e s s   coope ra t ive  phenomena o f   J u p i t e r ' s  

magnetosphere may a l s o   p l a y  a r o l e .  For  example,  low-frequency  waves 

c e r t a i n l y  must move through  Jupi te r ' s   magnetosphere   and  may act as 

large a m p l i t u d e   s o u r c e s   o f   m a g n e t i c -   d i s t u r b a n c e s   i n   J u p i t e r ' s   u p p e r  

atmosphere. The c u r r e n t   s h e e t   r e q u i r e d  by  Goldreich  and  Lynden-Pel1 

( 1 9 6 9 )   i n   t h e i r   t h e o r y   t o w a r d   a n   e x p l a n a t i o n   o f  Io's modulation  of 

decamet r i c   emis s ion   i n  a sense  is such a l a rge   ampl i tude   sou rce   o f  

f i e l d   v a r i a t i o n .  It happens   t ha t  I am n o t   p a r t i c u l a r l y   s a t i s f i e d  by 

s e v e r a l   a s p e c t s   o f   t h e i r   t h e o r y .   I n   a n y  case, however,   the way i n  which 

a luw-frequency HM wave can   induce   rad io   emiss ion   f rom  reg ions   c lose   to  

J u p i t e r  is o f   i n t e r e s t .  

A t  a f i rs t  g l a n c e ,   t h e  case f o r   t h i s  mechanism appears  

f o r m i d a b l y   d i f f i c u l t .  HM wave f r e q u e n c i e s   t y p i c a l l y  l i e  i n   t h e   n e i g h b o r -  

hood o f   cyc le s   pe r   s econd ,   no t   megacyc le s .  The d i r e c t  modal coupl ing 

mechanism such as proposed   above   for   the   Cerenkov  process   therefore  seems 

an   un l ike ly   one   because   o f   the   g ross   d i f fe rence   in   p ropagat ion   vec tors  

f o r   t h e  two  waves.  However, i n   s o l a r   r a d i o   e m i s s i o n ,   a p p a r e n t l y   j u s t  

t h i s   s o r t   o f   c o u p l i n g   e f f e c t i v e l y   g o e s   o n ,   a l t h o u g h  it may b e   t h a t  complex 

i n t e r m e d i a t e   p r o c e s s e s   b r i d g e   t h e   g a p .  F o r  example, Tidman e t  a l .  (1966) 

sugges t   tha t   p lasma  tu rbulence   deve lops   behind  a magnet ic   d i s turbance  

moving th rough   t he   co rona ;   t he   obse rved   r ad io   emis s ion   o r ig ina t e s   i n   t he  

coupling  of  plasma  waves i n   t h i s   t u r b u l e n t   r e g i o n .  A t  the   sun,   however ,  

t hese   d i s tu rbances   p ropaga te   t h rough  a d e n s e   p l a s m a   ( r e l a t i v e   t o   i o n o s p h e r e  

or magne tosphe re   o f   Jup i t e r ) .  Plasma waves b e h i n d   t h e   f r o n t  emit very  small 

amounts o f   t he i r   ene rgy   i n to   obse rved   r ad io   emis s ion .  The  phenomenon 

obviously is e x t r a v a g a n t   o f   p l a s m a   e n e r g y   i n   t h a t  a small amount of   observed 

rad io   energy   impl ies  a l a r g e  amount of p l a sma   k ine t i c   ene rgy .   Tha t   s i t ua t ion ,  

is , of   course  , p r e c i s e l y   w h a t   J u p i t e r   t h e o r i e s   c a n n o t   t o l e r a t e ,  as a r e s u l t  

o f   t h e  enormous s t r e n g t h   o f   t h e   r a d i a t e d  e l ec t r i c  f i e l d s .  



If t h e   p r e s e n c e   o f  a magnetic d i s tu rbance  can b.e t a k e n   t o  

imply a l a r g e  electrical  cu r ren t   f l owing   t h rough   Jup i t e r ' s   i onosphe re  

or i nne r   magne tosphe re ,   t he   cu r ren t  i t se l f  may be  a d i r e c t   s o u r c e   o f  

i n s t a b i l i t y   h a v i n g   t o  do wi th   t he   decamet r i c   emis s ion .  

Goldre ich   and   Lynden-Bel l   sugges t   tha t   such   cur ren t  

s h e e t s  may d e v e l o p   i n s t a b i l i t i e s   l e a d i n g   t o   c y c l o t r o n   e m i s s i o n .   T h e i r  

explana t ion   involves   coherent   gyro   emiss ion ,  as d i scussed   above ,   i n   t he  

( u n r e a l i s t i c )  limit o f   v e r y   d i l u t e  streams of low-energy  e lectrons.  

Thei r   deduct ion   of   an   ampl i f ica t ion   fac tor  = over  100  k i lome te r s  

o f  stream d i s t ance   shou ld   be   t aken   t o   imp ly   no th ing  more t h a n   t h e   e x i s t e n c e  

of an i n s t a b i l i t y ;   t h e  number i t s e l f  i s  ( l i t e r a l l y )   h i g h l y   i r r e l e v a n t .  

My ea r l i e r  d i scuss ion   o f   cohe ren t   gy ro   r ad ia t ion   s eeks  

t o  b y - p a s s   t h e   v e r y   d e e p   t h e o r e t i c a l   d i f f i c u l t i e s   b l o c k i n g  a rea l i s t ic  

d i s c u s s i o n   i n  which the   f l uxes   and  wave ampli tudes are n o t   i n f i n i t e s i m a l l y  

small. This  procedure is c e n t r a l   t o  an   unde r s t and ing .o f   t he   phys i c s  

of the   p roblem;  by emphasizing  the  observed  beaming  angle   and  the  observed 

power leve ls ,   the   computa t ion   e l imina tes   the   p roblem  of  whether t h e r e  i s  

an in s t ab i l i t y .   The re   mus t   be   cohe rence ,  e lse  t h e   r a d i a t e d  power  would 

b e   o m n i d i r e c t i o n a l ,   i n   c o n t r a d i c t i o n   t o   t h e   d a t a .  The weakness i n  my 

d i scuss ion  is i t s  emphasis on the   obse rved   p rope r t i e s   o f   t he   emis s ion ,  

which may i n d e e d   n o t   p r o v e   t o   b e   c o n s i s t e n t   w i t h   t h e   h i g h e r   q u a l i t y   d a t a ,  

or d a t a  easier t o   i n t e r p r e t ,   t h a t  may f o r t h c o m e   i n   f u t u r e   y e a r s .  

Jup i t e r ' s   decamet r i c   emis s ion   has   t he   p rope r ty  of be ing  

s o  c o m p l i c a t e d   t h a t   o b s e r v e r s  o r  t h e o r i s t s  are able,  o f t e n ,   t o   r e a d  i t  i n  

suppor t  of almost  any  hypothesis  whatsoever.  The problem is  t o   e x t r a c t  

t h e   r e l e v a n t  phenomena f rom  the   t angled  mess t h a t  l ies  be fo re  us .  My 

impression i s  that  bandwidth,   power  levels,   and  beaming are t h e   s t r o n g e s t  

po in t s   t o   emphas ize ,  as I have  done  above. The mere ex i s t ence   o f   an  

i n s t a b i l i t y  a t  t h e  gyro resonance is a l m o s t   t h e   o n l y   f e a t u r e  common t o  a l l  

t heo r i e s ,   and   shou ld   no t   be   cons ide red  a success   o f  a new theo ry .   In  

t h e   f u t u r e   t h e   f i n i t e   a m p l i t u d e   p r o b l e m   s h o u l d   b e   t a c k l e d   d i r e c t l y   t o  

improve  our  present  inadequate  knowledge of Jup i t e r ' s   decamet r i c   emis s ion .  
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The e x i s t e n c e   o f   e n e r g e t i c   e l e c t r o n  streams is i n f e r r e d  by 

Goldre ich   and   Lynden-Bel l   in   the i r   d i scuss ion   of   induct ion  elec-kric 

f i e l d s   c r e a t e d   b y   t h e   m o t i o n   o f  I o  through  Jupi ter ' s   magnetosphere.  A 

c u r r e n t   o f   e l e c t r o n s  moving a t  v = O.lc, a d e n s i t y   o f  0.5 c m  and i n  

t o t a l   c a r r y i n g  1.1~10 amperes, is d r iven  by t h e   i n d u c t i o n .  The l a r g e  

e l ec t ron   speeds  are r e q u i r e d   t o   m a i n t a i n   t h e   c u r r e n t  a t  t h e   l e v e l   p r e -  

e s t a b l i s h e d   t h e o r e t i c a l l y   i n  a r e g i o n   t h a t  is low i n   e l e c t r o n   d e n s i t y .  

By " t h e o r e t i c a l l y "  I mean "as a r e s u l t   o f   c u r r e n t s   i n f e r r e d   t o   b e   f l o w i n g  

t h r o u g h   J u p i t e r ' s   i o n o s p h e r i c   e q u i v a l e n t  e lec t r ica l  resistance". 
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6 

The f l u x   o f   t h e s e   e l e c t r o n s  i s  1 . 5 ~ 1 0  c m  sec , one 9 -2 -1 

orde r   o f   magn i tude   g rea t e r   t han   t he  minimum v a l u e   i n f e r r e d  earlier from 

an analysis   of   coherent   Cerenkov  emission.  The comparison is a c t u a l l y  

q u i t e   c l o s e ,   s i n c e   t h e  area through  which   th i s   f lux   passes  a t  I o  is  

about 10l6 cm2, t h e  same s i z e  as t h e  area I assumed f o r   t h e   d e c a m e t r i c  

source at   the  surface of Jupi ter .  The t o t a l  number of   s t r eaming   e l ec t rons  

i s  v i r t u a l l y   i d e n t i c a l   b u t  f rom  these two r a d i c a l l y   d i f f e r e n t   p o i n t s   o f  

view. The f l u x   p e r  unit area o f   e l e c t r o n s   l y i n g  on the  boundary  of  Io's 

f o r c e   t u b e  w i l l  b e   l a r g e r  a t  t h e   s u r f a c e   o f   J u p i t e r   r o u g h l y  by  one  hundred 

f o l d   t h a n  it is a t  Io .  The " o b s e r v e d "   f i e l d   s t r e n g t h  E i n   J u p i t e r ' s  

decametr ic   source  must   be  taken  larger   than  previously  assumed,  by  one o r d e r  
0 

of   magni tude .   S ince   the   dens i ty   o f   s t reaming  e lec t rons   goes  as Eo , t h e  

value  of  N and af t h e   i n c i d e n t   f l u x  a l l  i n c r e a s e  by j u s t   t h e   c o r r e c t  amounts 

t o   m a i n t a i n   t h e   t o t a l  number o f   e l e c t r o n s  a t  t h e   v a l u e   r e q u i r e d  by Goldreich 

and  Lynden-Bell. 

L 

s 

I t  may be a matter of taste,  then ,   whether  an e l e c t r o n   f l u x  

estimate der ived   f rom a theory   o f  I o ' s  i n f l u e n c e ,  or an estimate based  on 

i n t e r p r e t a t i o n   o f   d e c a m e t r i c  power l e v e l s  is  p r e f e r r e d .  The e l e c t r o n   f l u x e s  

a p p e a r   t o   b e   q u i t e  similar ( e x c e p t   v e r y   n e a r   J u p i t e r ) .  

The d i f f e r e n c e  i n  t h e  methods may imply a d i f f e r e n t  pheno- 

menology wi th in   Jupi te r ' s   magnetosphere .  On the  one  hand, Io  ( a n d   t h e   o t h e r  

sa te l l i t es )  s e r v e s  as a s o u r c e   o f   d i s t u r b a n c e   o f   a n   e x t r e m e l y   l o c a l i s e d  



n a t u r e .  On the   o the r   hand ,   t he   omnip resence  of decametr ic   emiss ion  a t  

low f r equenc ie s ,   and   e spec ia l ly ,  a t  a l l  times when t h e  main source  is 

a t  t h e   c e n t r a l   m e r i d i a n ,   s u g g e s t s   s o u r c e s  of wave e x c i t a t i o n   o t h e r   t h a n  

I o  o r   e v e n   t h e   o t h e r  satell i tes.  

To g e n e r a l i z e ,   t h e n ,  I c o n c l u d e   t h a t   J u p i t e r ' s   m a g n e t o s p h e r e  

i s  f i l l e d   w i t h   h y d r o m a g n e t i c   d i s t u r b a n c e s   t h a t   c a n   b e   d e s c r i b e d   i n  terms 

of e lectr ical  cu r ren t s   and   e l ec t ron   f l uxes   o f   t he   o rde r   o f   magn i tude  of 

1 0  t o  1 0  cm sec a t  1 0  keV energy.  They may be   r equ i r ed  on the  one 

hand  by t h e   p r e s e n c e   o f  moving sa te l l i t es  wi th in   the   conduct ing   p lasma 

o f   Jup i t e r ' s   magne tosphe re ,   and ,  on t h e   o t h e r ,   t o   e x p l a i n   t h e   p h y s i c a l  

gene ra t ion   o f   i n t ense   decamet r i c   emis s ion   nea r   t he   su r f ace   o f   Jup i t e r .  

8 10 -2 -1 

2 . 3  Energetic protons 

The e v i d e n c e   f o r   p r o t o n   b e l t s  a t  J u p i t e r  is non-exis ten t .  

We m u s t   t h e r e f o r e   i n f e r   t h e i r   p r o p e r t i e s   e n t i r e l y  by analogy  and  what i s  

known t h e o r e t i c a l l y   a b o u t   t h e   e a r t h ' s   p r o t o n   b e l t s .  A s  i s  descr ibed  above 

f o r   t h e   e n e r g e t i c   e l e c t r o n s ,   f o r   e n e r g e t i c   p r o t o n s   a l s o ,   e v e n  more 

e m p h a t i c a l l y ,   t h e   e a r t h ' s   b e l t s  are r e l a t i v e l y   s t a b l e .   F u r t h e r m o r e ,   t h e  

L - s h e l l   d i f f u s i o n  model f i ts  t h e i r   d i s t r i b u t i o n   i n   s p a c e   a n d   e n e r g y   t o  

very good approximation. Nakada  and Mead (1965)  q u i t e   s u c c e s s f u l l y  f i t  

the   exper imenta l ly   de te rmined   pro ton   f luxes   wi th  a Fokker-Planck  diffusion 

model i n  which 1 0  o f   t h e   i n c i d e n t   s o l a r   w i n d   p r o t o n s  are t rapped  and 

acce lera ted   to   megavol t   energy .   This   model   inc ludes   de ta i led  loss f a c t o r s  

t h a t  are d i f f i c u l t   t o  estimate f o r   J u p i t e r ;  it also i n c l u d e s   d e t a i l s  on 

t h e   e f f i c a c y   o f   s u d d e n   v a r i a t i o n s   i n   t h e   m a g n e t i c   f i e l d   w h i c h   p e r t u r b   t h e  

a d i a b a t i c   o r b i t s   o f   t h e   p r o t o n s .  For J u p i t e r ,   u n l i k e   t h e   e a r t h ,  it seems 

q u i t e  clear tha t   the   cosmic   ray   a lbedo   neut ron   decay  mechanism i s  small, 

a n d   t h e r e f o r e   t h i s   f e a t u r e   o f   t h e   e a r t h ' s   b e l t s   d o e s   n o t   n e e d   t o   b e   d i s -  

cussed  (Chang  and  Davis, 1962). 

-6 

F i n a l l y ,   t h e   t r a p p i n g   f a c t o r  1 0  determined by  Nakada 
-6 

and Mead  may b e   i n   e r r o r  for J u p i t e r  as  a r e s u l t  o f  t h e   g r o s s l y   d i f f e r e n t  

c o n f i g u r a t i o n   o f   t h e   s o l a r   w i n d   m a g n e t i c   f i e l d  a t  t h e   i n t e r f a c e   r e g i o n  

b e t w e e n   t h e   p l a n e t a r y   a n d   i n t e r p l a n e t a r y   f i e l d s .   R a t h e r   t h a n  estimate 
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f rom  the   phys ics   o f  

take   an   upper  limit 

p r v i o u s l y   e s t i m a t e d  

the  problem how s e r i o u s   t h i s   d i f f e r e n c e  

t o   t h e   p r o t o n   f a c t o r   t o   b e   t h e   t r a p p i n g  - 

may be ,  I 

f a c t o r  

f o r   e n e r g e t i c   e l e c t r o n s ,   v i z .  lo-'. This  is a 

r e g i o n   i n   s p a c e   i n   w h i c h   b o t h   t h e   p r o t o n s   a n d   e l e c t r o n s   t r a n s f e r   f r o m  

a cha rge -neu t r a l   p l a sma   env i ronmen t   i n to   i nd iv idua l   o rb i t s   de f ined   t o  

a l a r g e   e x t e n t  by t h e   a d i a b a t i c   i n v a r i a n t s .  The p ro tons  react r e l a t i v e l y  

s l u g g i s h l y  t o  the  ambient   magnet ic   and e lec t r ic  f i e l d s ,  compared wi th  

t h e   e l e c t r o n s .  Whether t h i s   s h o u l d   r e s u l t   i n   t h e i r   b e i n g  more e f f i c i e n t l y  

t r a p p e d   t h a n   t h e   e l e c t r o n s   i s n ' t  clear. I s h a l l   t a k e   t h e   v a l u e  as lo-'. 
This   cor responds   to  a t rapped   pro ton   dens i ty   (a t   the   magnetopause)  of 

n (R = 2xlO-l' cm . With t h e  same Ro and R as b e f o r e ,  I f ind   f rom 

the  Davis  and Chang s o l u t i o n   t h a t   t h e   p r o t o n   d e n s i t y   h a s   e x a c t l y   t h e  

same va lues  as t h e   e l e c t r o n   d e n s i t y ,   v i z .   1 . 6 ~ 1 0  cm a t  1.8RJ. The 

proton  energy starts a t  820 eV(J+OO km s e c   s o l a r  wind speed) ,   and  

accelerates t o  29 MeV a t  a d i s t a n c e   o f  1.8R The speed   o f   t h i s   p ro ton  
9 i s  s u b r e l a t i v i s t i c ,   5 . 9 ~ 1 0  c m  sec . A s  a r e s u l t ,   t h e   f l u x   o f   p r o t o n s  -1 

is less than   e l ec t rons ,   on ly  1 . 1 ~ 1 0  c m  sec . 
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The main t h r u s t   o f   t h i s   a n a l y s i s  is toward much h ighe r  

e n e r g i e s   t h a n   o c c u r   i n   t h e   e a r t h ' s   b e l t s .   T h i s  i s  a r e s u l t  of t h e  much 

g rea t e r   r ange   i n   L - she l l   cove red  by J u p i t e r ' s   b e l t s ,  which i s  i n   t u r n  a 

r e s u l t   o f   t h e  much grea te r   magnet ic  moment of   Gupi te r .   These   h igher  

ene rg ie s  seem  very d i f f i c u l t   t o   e s c a p e ,   s i n c e   b o t h   t h e   t h e o r y   a n d   o b s e r v a t i o n  

(of  synchro t ron   emiss ion)   po in t  t.o t h e  same q u a l i t a t i v e   r e s u l t .  

2 . 4  Re Zaxation times 

The ra te  o f   p a r t i c l e  loss shou ld   ba l ance   t he  ra te  o f   p a r t i c l e  

t r a p p i n g  a t  the  magnetopause. The only way we have t o  estimate l o s s e s  

is v i a   t h e  estimates made j u s t  above f o r   t r a p p i n g   f a c t o r s .  Assume t h a t  

Jup i t e r ' s   magne tosphe re   p re sen t s  a c r o s s - s e c t i o n a l  area o f  n(S9R ) . Then 

t h e  rate o f   t r a p p i n g  i s  i n   t h e  whole 4 . 4 ~ 1 0 ~ ~  sec (which  assumes a 

t r a p p i n g   f a c t o r   o f  10 1. I n  a s t eady  s ta te  the   cor responding  loss p e r   u n i t  

area o v e r   t h e   s u r f a c e   o f  a s p h e r e   t h e   s i z e   o f   J u p i t e r  is  7 c m  sec . 

2 
J -1 

-9 

-2 -1 
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T h i s   f i g u r e  is i d e n t i c a l   f o r   b o t h   p r o t o n s   a n d   e l e c t r o n s .   I n a s m u c h  as t h e  

d e t a i l e d  loss mechanisms f o r   t h e s e  two k i n d s   o f   p a r t i c l e s  are undoubtedly 

q u i t e   d i f f e r e n t ,   t h e i r   e q u a l  loss rates desc r ibe   t he   c rudeness  of o u r  

estimate r a t h e r   t h a n   p h y s i c a l   r e a l i t y .  The guess  i s  p r o b a b l y   b e t t e r  for 

e l e c t r o n s   t h a n   f o r   p r o t o n s ,   b e c a u s e  w e  h a v e   e v i d e n c e   f o r   t h e i r   e x i s t e n c e .  

But   cont inuing   th i s   k ind   of  estimate s t i l l  f u r t h e r ,  w e  

can come t o  a guess   for   emptying times; the   guess  i s  a g a i n   l i k e l y   t o   b e  

b e t t e r  for e l e c t r o n s   t h a n   f o r   p r o t o n s .  The t o t a l  number of e l e c t r o n s   i n  

t h e   b e l t s  is t h e i r   d e n s i t y  times t h e  volume. I n   t h e   r e g i o n   o f   t h e  

s y n c h r o t r o n   b e l t s ,   t h e i r   e q u a t o r i a l   d e n s i t y  is 1.6~10 cm . With t h e  

p i t c h   a n g l e   d i s t r i b u t i o n  as e s t ima ted  on page 60 o f  t h i s  r e p o r t ,  I 

estimate t h a t   t h e  volume occupied   by   e lec t rons  a t  t h i s   d e n s i t y  l i e s  i n  
a cy l indr ica l   annulus   be tween r = 1.8R and r = 3.8R extending  2 .  lR J J 
on e i t h e r   s i d e  of t h e   e q u a t o r i a l   p l a n e .   T h i s  i s  5 . 3 ~ 1 0  J'l cm3; t h e   t o t a l  

number of e l e c t r o n s  is  then  1.6~10-~ x 5 . 3 ~ 1 0 ~ '  = 8 . 5 ~ 1 0 ~ ~ .  The t o t a l  

loss  ra te  o f   e l e c t r o n s  i s ,  as c a l c u l a t e d   b e f o r e ,   e q u a l   t o   t h e  r a t e  o f  

-4 -3 

t r app ing ,  4.  4x1O2l sec . The l ifetime o f  a synchro t ron   r ad ia t ion   (bu t  -1 

n o t e  -- n o t   t h e   r a d i a t i v e   l i f e t i m e )   e l e c t r o n  is  t h e r e f o r e  

8 . 5 ~ 1 0 ~ ~  f 4 . 4 ~ 1 0 ~ ~  = 1 . 9 ~ 1 0  sec = 0.06 yea r s   (on ly  22 days!) .   This  is 6 

somewhat less t h a n   t h e   r a d i a t i v e  estimate o f   e l e c t r o n  l ifetime, 0 . 3  y e a r s  

for a t y p i c a l   e l e c t r o n ,   a n d   s u g g e s t s   t h a t  loss mechanisms o t h e r   t h a n  

r a d i a t i o n  are impor tan t .  

Obse rva t iona l   ev idence   suppor t ing   va r i ab i l i t y  of t h e  

s y n c h r o t r o n   s o u r c e   a l s o   s u p p o r t s   t h i s   s h o r t  l ifetime. I t  r e c e n t l y   h a s  

been   repor ted  by  Gerard (1970)  t ha t   w i th   a l lowance   fo r   geomet r i ca l  

va r i a t ions ,   such  as po la r i za t ion   and   zenomagne t i c   l a t i t ude ,   t he re   r ema ins  

s y n c h r o t r o n   v a r i a b i l i t y   r e l a t e d   t o   v a r i a b i l i t y   i n   s o l a r   a c t i v i t y .   T h i s  

lifetime is much less than  lifetimes o f   e n e r g e t i c   e l e c t r o n s   i n   t h e   e a r t h ' s  

b e l t s ,  which l e a d s   t o  a s u s p i c i o n   t h a t   t h e  estimate has  gone  awry a t  some 

p o i n t .  The o b v i o u s   c a n d i d a t e   f o r   e r r o r  is the   ana ly t ic   Fokker -Planck  

s o l u t i o n   u s e d   t o   c o n n e c t   d e n s i t y  a t  the  magnetopause  with  densi ty  a t  t h e  

synchro t ron   source .  I t  would  have t o  be changed i n   t h e   s e n s e  of  i n c r e a s i n g  

t h e   d e n s i t y   c o n t r a s t   b e t w e e n   t h e   i n n e r   b e l t s   a n d   t h e   t r a p p e d   e l e c t r o n s  a t  

the  magnetopause.  



" . 

That i s ,  t h e   e l e c t r o n   d e n s i t y   v a r i e s   w i t h  a higher- than-  

inve r se - fou r th  power o f   t h e   r a d i u s .   T h a t   h a s   t h e  effect of  making it 

e m p i r i c a l l y   n e c e s s a r y   t h a t  fewer e l e c t r o n s   ( t h a n  1 0  >, o u t   o f   t h e   t o t a l  

s o l a r  wind f lux   impinging   on   the   magnetopause ,   be   t rapped   in  a way t h a t  

makes  them e l i g i b l e   f o r   L - s h e l l   d i f f u s i o n   ( " L " - i g i b l e   e l e c t r o n s ! ) .  

F i n a l l y ,   t h e   s t e a d y - s t a t e   b a l a n c e   o f   l o s s - v e r s u s - g a i n   l e a d s   t o  a longe r  

average  dwell  time o f   t h e   e l e c t r o n s  a t  a g i v e n   p o i n t   w i t h i n   J u p i t e r ' s  

magnetosphere. 

-9 

A t  t h e   p r e s e n t  time t h i s   s p e c u l a t i o n   a b o u t   p o s s i b l e  impro- 

vements t o   t h e   d i f f u s i o n   s o l u t i o n  seems so  remote  f rom  observed  real i ty  

t h a t  I won't  develop it f u r t h e r .   I n   s h o r t ,   t h e   b e s t  estimate f o r   t h e  

b e l t s  a t  p r e s e n t  i s  t h a t   t h e   e l e c t r o n s   h a v e   s h o r t   r a d i a t i v e ,   a n d  s t i l l  

s h o r t e r   a l t e r n a t i v e ,  lifetimes and are o f  low e n e r g y ,   r e l a t i v i s t i c ,   b u t  

on ly  1 0  or 20Eo. 

Wit t ing  (1966 ;  and,   in   an  unpubl ished  work,   Rather ,   a lso)  

p r o p o s e s   t h a t   t h e  s a t e l l i t e  Amal thea   ( Jupi te r  VI removes r e l a t i v i s t i c  

e l ec t rons   f rom  the   synchro t ron   sou rce   i n  a time scale less than  two yea r s .  

He a l s o   s u g g e s t s   t h a t   l a r g e   a m p l i t u d e  AlfvGn  waves c r e a t e d  by  Amalthea 

may accelerate e lec t rons .   These   sugges t ions  on t h e   o t h e r   h a n d  may provide  

the   "observed"   rap id  loss mechanism o f   t h e   r e l a t i v i s t i c   e l e c t r o n s .  On t h e  

o t h e r   h a n d ,   t h e y  may r ende r  moot t h e   d i s c u s s i o n   o f   L - s h e l l   d i f f u s i o n   p r e -  

sented  above.  A s  f o r   t h e   r a p i d  loss, t h e  sa te l l i t e  p lays   an   "acceptab le"  

r o l e   i n   t h e  estimates given  above. Its r o l e   i n   a c c e l e r a t i o n  mechanisms 

seems much more s p e c u l a t i v e .  
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2.5 Summary tab Ze 

Energetic ParticZes 

R e l a t i v i s t i c   E l e c t r o n s  

Energy % 6.2 f 2 MeV 

Reference 

F i e l d  is given  by  decametr ic   emission;  
emis s ion   o r ig ina t e s  a t  1 . 8  Q from 
J u p i t e r ' s   c e n t e r ,   i n  B % 2.0  gauss.  

Mean d e n s i t y   1 . 6 ~ 1 0  cm3 and Omni- 
d i r e c t i o n a i   f l u x  = 4 . 8 ~ 1 0 6  cm-2 sec-l; ( 2 1  cm d a t a ) .  
a n   a l t e r n a t i v e   v a l u e  is quoted  below 
under   "L-she l l   d i s t r ibu t ion"  

-4  
B r a n s o n ' s   b r i g h t n e s s   i n   t h e   b e l t s  

E lec t ron  l ifetime a g a i n s t :  
r a d i a t i o n  = 0 . 3   y e a r s ;  

The above-quoted  e lectron  energy 
a n d   f i e l d .  

o t h e r  loss mechanisms = 22 d a y s   T h i s   r e p o r t ' s  estimate o f   t r a p p i n g  rates. 

L - s h e l l   d i s t r i b u t i o n  : Davis-Change s o l u t i o n  of Fokker-Planck 
Boundaries a t  1.56  and 59 FQ equat ion .  
Maximum d e n s i t y   6 . 3 ~ 1 0 - 4  The assumed  L-shel l   d is t r ibut ion  and 
and f l u x  1 . 9 ~ 1 0 7  cm-2 sec-l  a t  magent ic   d ipole  momefit imp ly   t h i s  omni- 
1. 8RJ,  p p o p o r t i o n a l   t o  R-4 elsewhere d i r e c t i o n a l   f l u x .  'The previous  omni- 

d i r e c t i o n a l   f l u x  is based on uniform 
f i e l d   s t r e n g t h   a n d   s p a t i a l   d i s t r i b u t i o n .  

Beaming of r a d i a t i o n   i n t o  5 degree 
( f u l l   a n g l e  1 cone 

The above-quoted  e lectron  energy 

F i e l d  i s  given by decametr ic   emission;  
emis s ion   o r ig ina t e s  a t  2 . 0 2 R ~  from 
J u p i t e r ' s   c e n t e r ,   i n  B % 1 . 5  gauss .  

Omnid i r ec t iona l   f l ux  = 1 . 0 ~ 1 0  c m  sec B r a n s o n ' s   b r i g h t n e s s   i n   t h e   b e l t s ,  
75 cm d a t a .  

6 -2 -1 

Elec t ron  lifetime a g a i n s t   r a d i a t i o n  = The above-quoted  e lectron  energy  and 
1 y e a r   f i e l d .  

Beaming of r a d i a t i o n   i n t o  9 O  ( f u l l  
angle)   cone 

The above-quoted  e lectron  energy.  

P i t ch   ang le s  l i e  w i t h i n  a = 90° +30° 1. L a t i t u d e   v a r i a t i o n  of decamet r i c   f l ux .  L 2 .  N - S source   ex ten t .  
3. P o l a r i z a t i o n .  

Energy  spectrum:  energies less than  
synchrotron  bandwidth  requirements 
t h i s   a l l o w s  a range 6 10 :1 
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Non-Thermal Pro tons  Reference 

Energy: 29 MeV a t  peak, 1.8RJ Solar   wind  energy a t  59R i n c r e a s e s  by 
f a c t o r  J 

59 
1.8 J '  

3 
("-1 a t  1.8R 

Densi ty  : 1. 6x1OC4 c m  a t  peak,  1. 8RJ Protons  follow same d e n s i t y   d i s t r i b u t i o n  
as e l e c t r o n s .  

L - s h e l l   d i s t r i b u t i o n :   i n n e r   b o u n d a r y  

-3  

a t  1.6RJ 

t o  RV4. 
Fal l -off   f rom maximum p r o p o r t i o n a l  

I Flux: 1x10 cm sec 
6 -2 -1 

Ki lovo l t   E lec t rons  

Energy 6 keV 

Flux 51.7~10 sec 

~ o t a l  number 51.6x1~34 sec 

16 cm-2 -1 

-1 

Energy 40 keV 

Flux 12.1~10 cm sec 

T o t a l  number 1 1 . 9 ~ 1 0 ~ ~  sec-l  

13 -2 -1 

Energy 70 keV 

Flux ~ 6 . 7 ~ 1 0  sec 

T o t a l  number ~ 6 x 1 0 ~ ~  sec 

12 &2 -1 

- 1. 

Energy 1 0  keV 

Flux %lo c m  sec 

T o t a l  sec 

10 - 2  -1 

-1 

P o s i t i o n  : 

Proton  speed % 6x10 cm sec 9 -1 

References 

F i s h e r ,  e t  a l .  (1964). 

Edwards  and McCracken (1967) 

Haymes, e t  a l .  (1963) 

D r i f t i n g   m i l l i s c e o n d   b u r s t s  ( E l l i s  , 
1965; Gordon and Warwick, 1967) 

Coherent  Cerenkov  emission as emission 
s o u r c e   ( t h i s  memo) or c u r r e n t s   r e q u i r e d  
by induc t ion   t heo ry   o f  I o ' s  effect  
(Goldreich  and  Lynden-Bell, 1969) 

Decametric e m i s s i o n   o r i g i n a t e s   c l o s e  
t o  J u p i t e r ' s   s u r f a c e .  

Observat ions are e s s e n t i a l l y  made 
made a t  l R J  

O t h e r   l o c a t i o n s  are unknown 
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3 .  PLASMAS 

3 .1  PZasmasphere 

Some models f o r   t h e   d i s t r i b u t i o n  o f  J u p i t e r ' s  magneto- 

sphe r i c   p l a sma ,  my own n o t   i n c l u d e d ,   i m p l y   l a r g e   d e n s i t i e s  , say  much 

g r e a t e r   t h a n  1 0  cm a t  d i s t a n c e s   o f   s e v e r a l   J u p i t e r ' s   r a d i i   f r o m   t h e  

p lane t .   There  are two d e d u c t i v e   p a t h s   l e a d i n g   t o   t h i s   k i n d  of r e s u l t .  

The f irst ,  and  s t rongest   f rom a t h e o r e t i c a l   p o i n t  of view,  depends on 

J u p i t e r ' s  large m a g n e t i c   f i e l d   i n   r a p i d   r o t a t i o n   t o   p r o d u c e  large c e n t r i -  

fuga l   fo rces   t ha t   t h row  p l a sma   ou t   t o   g rea t   p l ane tocen t r i c   d i s t ances .  

The second  argument is  t h a t   I o ' s   s t r o n g   c o n t r o l   o f   d e c a m e t r i c   r a d i a t i o n  

impl i e s   t ha t   emis s ion  is g e n e r a t e d   i n   t h e   i m m e d i a t e   v i c i n i t y   o f   t h e  

s a t e l l i t e ,  6 R  f rom  Jup i t e r .  As a re su l t ,   t he   p l a sma   f r equency  i s  com- 

p a r a b l e   t o   t h e  wave frequency.  

3 -3 
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F o r t u n a t e l y   t h e r e  are obse rved   da t a   t ha t  re la te  t o   t h i s  

p o i n t ,   e . g . ,   t h e   e l e c t r o n   d e n s i t y   i n   , J u p i t e r ' s   m a g n e t o s p h e r e .  Decametric 

emission i s  o f t e n ,   p e r h a p s   u s u a l l y ,   e l l i p t i c a l l y   p o l a r i z e d   ( s e e   p a g e  45 ,  

e t  seq.) .   General ly   only  one  base mode of   the   magneto ionic  medium n e a r  

t h e   p o i n t   o f   g e n e r a t i o n  i s  involved.  That i s ,  no mode coupl ing   has   occur red  

i n   t h e   r e g i o n  of  g e n e r a t i o n ,   a n d   t h e   o b s e r v e d   e l l i p t i c a l   p o l a r i z a t i o n  i s  a 

base mode. 

That is a s t rong  conclusion,   which  depends on t h e  fact  t h a t  

as a funct ion  of   f requency or of  time t h e   o b s e r v e d   p o l a r i z a t i o n  i s  con- 

s t a n t l y   e l l i p t i c a l   d u r i n g   m o s t   e v e n t s   ( t h e   i m p o r t a n t   k i n d   o f   e x c e p t i o n  was 

discussed  on  page 45, e t  s e q . ) .   I n  a reg ion   of   space   wi th   s t rong   magnet ic  

f i e l d   a n d   l a r g e   p l a s m a   d e n s i t y   t h e   o b s e r v e d   e l l i p t i c a l   p o l a r i z a t i o n   c o u l d  

not   iong   remain   invar ian t   wi th   changes   in   source   geometry ,   and  would n o t   b e  

i n v a r i a n t  as a func t ion  of f requency ,   un less  it is  a base  mode. 



T h i s   e l l i p t i c a l l y - p o l a r i z e d   r a d i a t i o n   i m p i n g e s  on t h e   e a r t h ' s  

i o n o s p h e r e   a n d   f i n a l l y   i n t o  our r e c e i v e r s .   I n   t h e   e a r t h ' s   i o n o s p h e r e ,  

waves of 30 MHz f requency  have  base modes t h a t  are n e a r l y   p u r e l y   c i r c u l a r .  

Enrou te   t h rough   t he   ea r th ' s   i onosphe re ,  i ts  p o l a r i z a t i o n  is  t h e r e f o r e  not i n  

a base mode. The i n c i d e n t   J u p i t e r   r a d i a t i o n  l i e s  p a r t l y   i n   b o t h   o f   t h e  two 
base modes. S ince  it o r i g i n a t e d   i n   j u s t  one  base mode, it has  undergone 

mode coupling  between  us  and i ts  source .   In  a b r o a d   s e n s e   t h i s   c o u p l i n g  

o c c u r s   n e a r   J u p i t e r .  The p lasma  dens i ty  of i n t e r p l a n e t a r y   s p a c e  is s o  

low t h a t   b a s e  modes th rough   t h i s   r eg ion  are a l m o s t   e x a c t l y   c i r c u l a r   f o r  

a lmost  a l l  d i r e c t i o n s   o f   p r o p a g a t i o n .  The mode coupl ing  must   therefore   occur  

n e a r   J u p i t e r ,   e i t h e r   w i t h i n  i t s  magnetosphere, or p e r h a p s   i n   t h e   s o u r c e  

r e g i o n ;   s e v e r a l   p o s s i b i l i t i e s   e x i s t   f o r   t h e  l a t t e r .  

Suppose t h a t   t h e   m a g n e t i c  moment f o r   J u p i t e r   s u g g e s t e d  on 

page 49 ,  4 . 2 ~ 1 0   c g s ,  i s  an  upper limit. Then nowhere w i t h i n   t h e  

magnetosphere,or   outs ide a rad ius   o f   about  1.5R does  the  gyrofrequency 

exceed 3 MHz. Suppose t h e   e l e c t r o n   d e n s i t y  is less than 1 0  c m  everywhere 

i n   t h i s   r e g i o n .  Then condi t ions   o f   p ropagat ion  are everywhere  quasi-  

longi tudina l ,   which  means t h a t   t h e   b a s e  modes are a l m o s t   c i r c u l a r .  But 

e l l i p t i c a l l y - p o l a r i z e d   r a d i a t i o n  is  observed. If t h i s   r a d i a t i o n  i s  c r e a t e d  

wi th in  a sphe re  less than  1.5R i n   d i ame te r   cen te red  on t h e   p l a n e t ,   t h e n  

it w i l l  s u f f e r   t h e   F a r a d a y  e f fec ts ,  whatever  they may b e ,   t h a t  are imposed 

by quasi- longi tudinal   propagat ion  through  the  magnetosphere.   Furthermore,  

s i n c e   t h e   r a d i a t i o n  was c r e a t e d   i n  a base mode, a t  some p l a c e  within t h e  

1.5R it c e a s e d   t o  l i e  un ique ly   i n   one   base  mode. This is exact ly   what  is 

meant by "mode coup l ing" :   t he   e scap ing   r ad ia t ion  is c l e a r l y   ( t h i s  is an 

o b s e r v a t i o n a l   r e s u l t )   n o t   i n   b a s e  modes through  most  of  Jupiter 's   magneto- 

sphere  a l though it began i n   o n e ;   t h e r e f o r e ,  mode coupling  must  have  occurred. 

This is  a s t rong   conc lus ion ,   and   no t  a hypothes is .  

30 
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But it is b a r e l y   c o n c e i v a b l e   t h a t   e i t h e r  of t h e   o r i g i n a l  

condi t ions   tha t   the . .magnet ic  moment has  a va lue  less t h a n   4 . 2 ~ 1 0   c g s ,  or 

t h a t   t h e   d e n s i t y  is everywhere less than  1x10 c m  , is  i n c o r r e c t .   T h i s  

i s  not   very  l ikely,   however ,   and  even i f  t h e   d e n s i t y  or t h e   f i e l d  is  l a r g e r  

30 
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t h e y   m u s t   d e c r e a s e   r e g u l a r l y   t o   i n t e r p l a n e t a r y   v a l u e s .  The r e s u l t s  of t h e  

p reced ing   pa rag raph   can   be   t r ans l a t ed   f rom  p l ane t - cen te red   geomet ry   t o  a 

sphe re   su r round ing   wha teve r   po in t   i n   t he   magne tosphe re  is t h e   r a d i a t i o n  

source ,   and   t hen   t he  same s ta tement   regard ing  mode c o u p l i n g   a p p l i e s   t o   t h i s  

sphe re .  

The i m p o r t a n c e   o f   t h i s   d i s c u s s i o n  l i es  i n   t h e  fact t h a t   t h e  

e l l i p t i c a l l y - p o l a r i z e d   r a d i a t i o n  w e  observe  undergoes i t s  mode coupl ing  

be fo re  it a r r i v e s   i n   t h e   m a g n e t o s p h e r e   o u t s i d e   o f  a f e w  t e n t h s  of a r a d i u s  

a b o v e   t h e   s u r f a c e   o f   J u p i t e r .  I t  then  i s  c a p a b l e   o f   e s t a b l i s h i n g   t h e   q u a s i -  

l o n g i t u d i n a l   F a r a d a y   r o t a t i o n   t h a t   o c c u r s   i n  sum a long   t he   r ay   pa th   t h rough  

the   magne tosphe re ,   and   t h i s   i n  t u r n  measures a f ie ld-weighted  mean of t h e  

ambient   e lec t rons .  

The q u a s i - l o n g i t u d i n a l   F a r a d a y   r o t a t i o n   e x p e c t e d   f o r  a 

30 MHz wave  moving a t  an   angle  of 80° t o   t h e   l i n e s   o f   f o r c e   a b o v e   J u p i t e r ,  

is 

Near Ea r th  r 

where R i s  measured i n   r a d i a n s ,  N i s  i n   e l e c t r o n s  cm , and   t he  

i n t e g r a l  i s  t & e n   f r o m   t h e   i n i t i a l   p o i n t  Ri w h e r e   t h e   f i e l d  is  1 0  gauss ,  

t o  a r e c e i v e r   j u s t   o u t s i d e   t h e   e a r t h   ( s e e  Warwick and  Dulk, 1 9 6 4 ) .  This  

i n t e g r a l ,   o f   c o u r s e ,   c o u l d   b e   w r i t t e n   t o   i n c l u d e   t h e   e a r t h .   I n s t e a d ,  R 
s t a n d s   j u s t   f o r   J u p i t e r ' s   c o n t r i b u t i o n .  We showed t h a t ,   f o r   v i r t u a l l y  a l l  

obse rved   decamet r i c   emis s ions ,   t h i s   i n t eg ra l  amounts t o  no more than  1 0  p e r  

c e n t   o f   t h e  t e r r e s t r i a l  r o t a t i o n ,   t h a t  i s ,  t o  one   r lo ta t ion   in  a t o t a l   o f  

1 0  r o t a t i o n s .  The va lue   o f   t he   i n t eg ra l   t h rough   Jup i t e r ' s   magne tosphe re  

down t o   t h e   p o i n t   w h e r e   F a r a d a y   r o t a t i o n   b e g i n s   ( t h i s  i s  t h e   r e g i o n  of mode 

coup l ing ,   and   a lmos t   ce r t a in ly  l i e s  n e a r   t h e   s u r f a c e   o f   J u p i t e r ) ,  i s  t h e r e -  

f o r e   n o   g r e a t e r   t h a n  2n. 

-3  
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I ~~~ 

The r a n g e   o f   i n t e g r a t i o n   c a n   b e   b r o k e n   i n t o   c o n t r i b u t i o n s  

of equal  magnitude  only i f  w e  know N(R).  However, i f  w e  assume t h a t  N(R) 

i s  c o n s t a n t ,  we c a n   i n v e s t i g a t e  how l a r g e   t h e   i n t e g r a l ' s   c o n t r i b u t i o n  w i l l  

b e   p e r '   u n i t   e l e c t r o n   d e n s i t y   i n   v a r i o u s   s h e l l s   a b o u t   J u p i t e r .  The i n t e g r a l  

is  measured by 

R1 1 
r 1 

If t h e   b r a c k e t e d  term = 1/6, wi th  R1 = l . O R J ,  t hen  R2 = 1.0954RJ. The 

p a t h   o f   i n t e g r a t i o n   o u t   t o  R = m is t h u s   d i v i d e d   i n t o   s i x   e q u a l   i n t e r v a l s  
I n 11 of Faraday effect  f rom  equa l   dens i t i e s  of e l e c t r o n s  cm . -3 

1 2  3 4 5 6 ~- 
1.0954  1.2247 1.414 1.732 7 1  

The t o t a l   p a t h  from 1. OR t o  RJ c o n t r i b u t e s  as much as the  remaining 

path  from 1.414R t o  m .  O r ,  t h e  f irst  t en th   o f  a r a d i u s   ( f r o m   t h i s   p o i n t  

of view) i s  as important  as the   en t i r e   magne tosphe re   ou t s ide  of 2.4495RJ. 

The c o n t r i b u t i o n   f r o m   e a c h   s h e l l   i n  terms o f   t he   ro t a t ion   f rom  one   e l ec t ron  

cm i s  Ai? = 9.0537 , and f o r  N e l e c t r o n s  cm-3 d i s t r i b u t e d   t h r o u g h o u t   t h e  

s h e l l ,  A R  = 0.0537N r ad ians .   S ince  a l l  we know is  t h a t   t h e   t o t a l   r o t a t i o n  

f o r  a l l  s h e l l s  is  <271 r a d i a n s ,  we can d i s t r i b u t e   t h e s e   e l e c t r o n s   i n  any 

way o v e r   t h e   s i x   s h e l l s  , s a y   a c c o r d i n g   t o   t h e   e n t r i e s  N i n   t h e   t a b l e  

below. 

J 

J 

-3 

K2 R3 R4 R5 R6 Mode 1 
- 

0 

I11 40.5  40.5  40.5  40.5  40.5 

I1 0 0 0 0 121.5 

I 0 0 0 0 

" . 
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There is a n o t h e r ,   a l t e r n a t i v e  way t o   d e s c r i b e   t h i s   s t r i n g e n t  

upper   bound  on   the   e lec t ron   dens i ty  of Jupi ter’s   magnetosphere.   Suppose 

t h a t   t h e   e l e c t r o n s  are c o n c e n t r a t e d   i n t o  a h igh ly   non-un i fo rm  d i s t r ibu t ion ,  

a s i n g l e  stratum o f   t h i c k n e s s  h a t  r a d i u s  r ,  where  h<<R. Then t h e  

Faraday   ro ta t ion   upper  limit is 

2 ~ r ~  4 . 3 7 ~ 1 0 - l ~  [N B h l   r a d i a n s .  

Suppose t h a t   t h e   f i e l d  B a t  t h e   r a d i u s  R i s  1 0  (RJ/R)  gauss. 3 

Then t h e   c o n d i t i o n  is 21~2  4.37~1O-~’(R,/R)~ N h ;   t h e r e f o r e  

Nh 5 1 . 4 4 ~ 1 0   ( R ~ / R )  . 11 3 

What kind  of  a scale one   wishes   to   choose   for  h depends on o t h e r   f a c t o r s  

than   can   be   d i scussed   here .   Suppose   tha t  h = 1 0  km. Then the   upper  

limit e l e c t r o n   d e n s i t y  a t  1.4RJ is 430 cm and a t  2 .  7RJ , 2900 c m  ; 

a t  I o ’ s  o r b i t   t h i s   d e n s i t y  is  28,000 ~ m - ~ .  C l e a r l y  , t h e   b e t t e r  way t o  

r e p r e s e n t   t h i s   d e n s i t y   u p p e r  limit is  i n  terms of Nh. For  t h e  same cases 

t h e   f o l l o w i n g  table l ists  maximum Nh va lues .  

4 

-3  -3 

I l o c a t i o n  I R3 = 1.414RJ I R5 = 2.72R I 
maximum Nh 

4.3x1011 cm-2 I 2 . 9 ~ 1 0  c m  1 2  -2 2 . 8 ~ 1 0  1 3  cm-2 

T h e o r i e s   r e q u i r i n g   l a r g e   e l e c t r o n   d e n s i t i e s  a t  d i s t ances   f rom  Jup i t e r   mus t  

a l s o   r e q u i r e   t h e   e l e c t r o n s   t o  l i e  w i t h i n   v e r y   t h i n  s t ra ta ,  only a very f e w  

t e n t h s  of a J u p i t e r   r a d i u s   i n   t h i c k n e s s .  A t  t h e   o r b i t   o f  I o ,  it is  c l e a r l y  

o u t   o f   t h e   q u e s t i o n   t o  assume a dens i ty   cor responding   to   the   p lasma  f requency  

e q u a l l i n g   t h e  wave frequency.  This i s  1 0  cm , and   r equ i r e s  a lamina  of  

t h i c k n e s s  % ( 2 . 8 ~ 1 0  /10 ) cm = 28 k i lome te r s !  

7 -3  
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The  most l i k e l y  model  depends on a smooth r a d i a l   d i s t r i b u t i o n  

o f   e l ec t rons   d ropp ing   o f f ,   pe rhaps   r ap id ly ,  or perhaps  s lowly away from 

J u p i t e r ,   b u t  nowhere   i nc reas ing   i n   dens i ty  on a scale l a r g e r   t h a n  a few t e n t h s  
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of   one R The i n n e r   p a r t s  of t h i s   d i s t r i b u t i o n  are d i s t r i b u t e d   u n i f o r m l y  

over  a s p h e r e   e x t e n d i n g   t o  R = 1.2247RJ above   t he   cen te r  of J u p i t e r  

and  based  on  the  ionosphere.  The estimate e q u a t e s   t h e  number o f   e l e c t r o n s  

w i t h i n  R2 t o   t h e  number t h a t  w i l l  produce 27r r ad ians   o f   Fa raday   ro t a t ion  

a t  30 MHz. This   va lue  i s  (from  page  95, Model 11 )  just 121 .5   e lec t rons  c m  . -3 

I t  is cons i s t en t   w i th   c rude  estimates of Jup i t e r ' s   p l a smasphe re  (see Warwick, 

1967) .   These  e lectrons  might   have a d i s t r i b u t i o n   d e c r e a s i n g   i n   h e i g h t  

exponentially,   which  would make t h e i r   d e n s i t y   a n d   t o t a l  number less than  

t h i s   u p p e r  limit. The the rma l   p ro ton   dens i ty   and   d i s t r ibu t ion  are t h e  same 

as t h e   e l e c t r o n   d e n s i t y   a n d   d i s t r i b u t i o n .  

J '  

2 

3.2 Ionosphere 

There are two r e c e n t ,   e s s e n t i a l l y   c o n s i s t e n t ,   s t a t e m e n t s  

abou t   Jup i t e r ' s   i onosphe re   i n   t he   l i t e r a tu re .   Gross   and   Rasoo l   (1964)  

deduce  temperature   and  ionizat ion  f rom a t h e o r e t i c a l   a e r o n o m i c a l   p o i n t   o f  

view. The values  depend  on  assumptions  about  the  major  ionospheric 

c o n s t i t u e n t s .  Almost a l l  i onosphe r i c  estimates f o r   J u p i t e r  t a k e  t h e  atmos- 

phere as near ly   pure  molecular   hydrogen.  Gordon and Warwick (1967; see 

a l s o  Warwick [ 1 9 6 7 1 )   e x p l a i n   p o l a r i z a t i o n   d i v e r s i t y   i n   m i l l i s e c o n d   d e c a m e t r i c  

burs t s   th rough a s p e c i a l   t y p e  of Faraday effect  n e a r   t h e   e l e c t r o n   g y r o -  

f requency.  The observa t ions   permi t  a d i r e c t   i n f e r e n c e  on t h e   e l e c t r o n  

dens i ty   i n   t he   Jup i t e r   i onosphe re   e s sen t i a l ly   ou twards   f rom  the   sou rce  

r eg ion ,   and   c lose   i n fe rences  on the   i onosphe r i c   magne t i c   f i e ld   and   d i r ec t ion  

of   p ropagat ion  as well .  

I argue  on  page  45, e t  s e q .   t h a t   t h e  two e l l i p t i c a l   b a s e  

modes p r e s e n t   i n   t h i s  "Y-one" Faraday e f fec t  are c r e a t e d   i n   r e f l e c t i o n   o f  

d e c a m e t r i c   e m i s s i o n .   T h i s   r e f l e c t i o n   u n d o u b t e d l y   o c c u r s   i n   J u p i t e r ' s  

ionosphere.  The  Gordon and Warwick d a t a  may refer t o   t h a t   h e i g h t   i n   t h e  

ionosphere   where   the   ob l ique   p ropagat ion  c r i tc ia l  frequency is c l o s e   t o  

26 MHz. This  is  t h e  "maximum usable  frequency" of terrestrial  r a d i o  

engineers .  For t h e  same angle   o f   inc idence ,   h igher   f requency  waves  would 

p a s s   t h r o u g h   w i t h o u t   r e f l e c t i o n .  
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The a n g l e   o f   i n c i d e n c e   o n t o   t h e   i o n i z a t i o n   l a y e r  is unknown, 

save  by  model b u i l d i n g   o f   t h e   t y p e  I p rev ious ly   a t t empted  (Warwick,  1963a). 

Combining t h i s   i n f e r r e d  angle of inc idence ,  15O t o  20°, wi th   t he   supposed  

MUF o f  26 MHz, l e a d s ,   v i a   t h e   s i m p l e   r e f l e c t i o n   c o n d i t i o n ,  fc r i t i ca l  
- - 

(26MHz)(cos  20°) t o  24.4 MHz, as t he   f r equency   o f  a wave t h a t  w i l l  be 

r e f l e c t e d   e v e n  a t  v e r t i c a l   i n c i d e n c e   o n t o   J u p i t e r ' s   i o n o s p h e r e .  Note t h a t  

t h i s   f r equency ,   de r ived   f rom a simple  model  and  based on a r e p r e s e n t a t i v e  

frequency,  26 MHz, i s  a t y p i c a l   v a l u e   f o r   t h e   e a r l y   s o u r c e .  A t  o t h e r   l o n g i t u d e s  

o f   J u p i t e r ,  somewhat h ighe r  or lower   f requencies   might   be   appropr ia te .  The 

value  24.4 MHz represents   the   p lasma  f requency  a t  t h e   p o i n t  of maximum e l e c t r o n  

d e n s i t y   i n   t h e   l a y e r .  The e l e c t r o n   d e n s i t y   t h a t   c o r r e s p o n d s  i s  given  by 

N = 1.2~10 f , where f is the   p l a sma   f r equency   i n  MHz. For f = 24.4 MHz, 

t h e   c o r r e s p o n d i n g   e l e c t r o n   d e n s i t y  is  7x10 cm , q u i t e   h i g h ,   b u t   p r o b a b l y  

not   comple te ly   ou t   o f   the   ques t ion ;  Gross and  Rasool  quote a va lue  20 times 

smaller. Gordon and Warwick quote  a va lue  of fcritical = 1 . 5  MHz, cor- 

r e s p o n d i n g   t o   o n l y  3x10 cm , 200 times smaller than   r equ i r ed   f rom  the  MUF 
argument. 

4 2  
e P P 6 -3 P 

4 -3  

Our value  depended  sensi-t ive1.y on t h e   e x a c t   a n g l e  of pro-  

p a g a t i o n   a s s u m e d   f o r   t h e   r a y   d i r e c t i o n   w i t h   r e s p e c t   t o   t h e   l i n e   o f   f o r c e .  

While it i s  clear  t h a t  an   ob l ique   angle  is  involved ,  i t s  exac t   va lue   does  

n o t   f o l l o w   f r o m   t h e   o b s e r v e d   p o l a r i z a t i o n   e l l i p s e   a x i a l   r a t i o   ( 0 . 3 6 )   u n l e s s  

the  plasma  f requency is known. We assumed a propagat ion   angle  of  60° t o  70° 

w i t h   r e s p e c t   t o   t h e   l i n e s  of f o r c e .   T h i s   v a l u e   r e q u i r e s  a smaller plasma 

densi ty   than  does a p r o p a g a t i o n   a n g l e   i n   t h e   r a n g e ,  35O t o  45O, which axle 

w h a t   t h e   r e f l e c t i o n  model r e q u i r e s  (Warwick,  1963a). The r e f l e c t i o n  model 

impl ies   p lasma  f requencies  of t he   o rde r   o f .magn i tude  of 20 MHz o r  s l i g h t l y  

g r e a t e r .  The t r u e   v a l u e   f o r   i o n o s p h e r i c   d e n s i t y  a t  i t s  peak may l i e  

between  the  Gross   and  Rasool   value  and  the  higher   value  required by t o t a l  

r e f l ec t ion   o f   t he   decamet r i c   emis s ion .  The t abu la t ed   va lues  (see below) 

correspond t o   t h i s   r a n g e .  
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The i o n o s p h e r i c   f i e l d   s t r e n g t h  must   exceed  the  value 

r e q u i r e d   f o r   t h e   e l e c t r o n   g y r o f r e q u e n c y   t o   e q u a l   t h e  wave frequency.  

I n  no c a s e ,   t h a t  .is for  no d i r e c t i o n  of propagat ion ,   does   the  Y-one 

Faraday effect make sense   un less   the   gyrof requency  lies i n   t h e   r a n g e  

n e a r  Y = 1 . 5 ;  for emission at 26 MHz, t h i s   c o r r e s p o n d s  t o  about  13 

or 14  gauss .  
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3.3 S m q  tahZe 

P Zasmas 

S p a t i a l   D i s t r i b u t i o n :  

w i th in  R /3 o f   s u r f a c e  J 

Densi ty  : 
2 -3  - < 1x10 cm 

Magnetosphere 

Some plasma  must  extend t o  I o ' s  
o r b i t ,   b u t   w i t h  much reduced 
d e n s i t y .  

Ionosphere 

Densi ty  : 
5 7 -3 LO t o  1 0  cm 

Scale   Height :  
o b s e r v a t i o n a l l y  unknown 

Magnet ic   Field:  

13 gauss 

Temperature: 
o b s e r v a t i o n a l l y  unknown 

Reference 

1. LOW ionospher ic -exospher ic   t empera ture  
(Gross and  Rasool,  1964) 

2 .  Constant  and large a c c e l e r a t i o n  of 
g r a v i t y  (Warwick,  1967)  through 
exosphere 

Lack of   quas i - longi tudina l   Faraday  
effect  on decametr ic   emiss ion  
(Warwick and  Dulk,   1964).  

Reference 

A c o n t r o v e r s i a l  subject. No d i r e c t  
d a t a   a v a i l a b l e .  

Reference 

Ref lec t ion   of   decametr ic   emiss ion  
( t h i s  memo, page 9 8 )  

Assumed t o  be 20 k i l o m e t e r s   f o r  
t he   pu rpose  of  computing  densi ty  
from Y-one Faraday effect 

Measured in   decamet r i c   " ea r ly"  
s o u r c e   n e a r   t h e   p o i n t   o f   r e f l e c t i o n  
o f  26 MHz waves 

Assumed t o   b e  a few hundred  degrees 
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4. ELECTROMAGNETIC WAVE FIELDS 

4.1 Microwave fie Zds 

For t h e   p u r p o s e   o f   r e a l i s t i c   d e s i g n   o f   s p a c e   v e h i c l e s ,  it 

may b e   u s e f u l   t o   t r a n s l a t e   t h e   o b s e r v e d   d a t a  on microwave  emission  from 

J u p i t e r   i n t o   a n o t h e r  form  more d i r e c t l y   a p p l i c a b l e   t o  communications  problems. 

I shal l   use   "antenna  temperature" ,   which is a measure  of   the   power  to  a 

rece iver   f rom a matched   ho t   load   equiva len t   to   the   an tenna .  If an  antenna 

is  immersed i n  a black-body  cavity a t  a c e r t a i n   t e m p e r a t u r e ,  Ta, t h i s  

r e p r e s e n t s   t h e  power absorbed  (and  emit ted as well) by the   an tenna .  The 

c r u c i a l   f e a t u r e s   o f   t h e   r a d i a t i o n   f i e l d   i n  any r e a l   s i t u a t i o n  are i ts  

in t ens i ty ,   and   t he   ang le   sub tended  by t h e   r a d i a t i o n   f i e l d  a t  t h e   a n t e n n a ,  

i n   r e l a t i o n   t o   t h e  beam width   o f   the   an tenna .  Two f u r t h e r   c o n d i t i o n s  are 

impor tan t .  The v e h i c l e ' s  communication  system  must  both  receive  signals 

from t h e   e a r t h  and   t r ansmi t   i n fo rma t ion   back   t o   t he   ea r th .  

The l i n k   t o   t h e   e a r t h   f r o m   J u p i t e r  is l a r g e l y   f r e e  from 

d i f f i c u l t i e s   r e s u l t i n g  from t h e   a d d i t i o n a l   n o i s e   p r o d u c e d  by microwave 

r a d i a t i o n .  The microwave  source  intensi ty  is  de f ined  by a b r i g h t n e s s  

temperature   of   about  l o o o  K a t  1 0 . 4  c m  wavelength  (Berge, 1 9 6 6 ) .  I t  covers  

a s o l i d   a n g l e  t h a t ,  for our presen t   pu rposes ,  i s  adequate ly   def ined  as a 

c i r c l e   o f   r a d i u s  one  minute  of  arc.  To observe   the   vehic le   p robably  w i l l  

r e q u i r e   i n  any even t   l a rge   an tennas .  Assume a 200-foot   dish  with a f u l l  

beamwidth of  about  6 minutes   of   arc  a t  1 0 . 4  cm. .Then the   an tenna   t empera tu re  

produced  by  Jupi ter  is looo  K x ( 2 / 6 )  = 1l0 K. This  i s  a f a i r l y  small 

tempera ture  compared wi th  common rece iv ing   sys t em  t empera tu re   i n   gene ra l ,  

and  remains  roughly  constant as a function  of  wavelength  from 5 cen t ime te r s  

longwards. 

z 

The l i n k  from e a r t h   t o   J u p i t e r   s u f f e r s  somewhat  from t h e  

environmental   microwave  noise.   This  radiation i s  o b v i o u s l y   d i r e c t i v e  

as viewed  from t h e   e a r t h ,   b u t  i s  n e v e r t h e l e s s   q u i t e   b r o a d  compared with 

t h e   l i k e l y  beam f o r  any  communication  antennas  mounted on t h e   v e h i c l e .  
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This  I assume w i l l  no t   exceed  a very  f e w  degrees .  The c h a r a c t e r i s t i c  

e l e c t r o n   r a d i a t i o n   p a t t e r n  by i tself  is probably  comparat ively large; 

t h e   d i f f e r e n t   p e r s p e c t i v e s   o f   e l e c t r o n s   t h a t   c a n   r a d i a t e   t o w a r d  a g iven  

p o i n t   w i t h i n   t h e   r a d i a t i o n   b e l t s  is larger s t i l l .  S ince  a t  1 0  cen t ime te r s  

t he   obse rved  surface b r i g h t n e s s   o f   t h e   m i c r o w a v e   s o u r c e   a g a i n s t   J u p i t e r  

co r re sponds   t o   abou t  10Oo K ,  I s h a l l  assume t h i s  is a l s o   t h e  surftlce 

b r i g h t n e s s   o f   t h e   s o u r c e  as s e e n   f r o m   w i t h i n   J u p i t e r ' s   r a d i a t i o n   b e l t s ,  

s a y  on t h e  surface o f   J u p i t e r .   I n   v i e w   o f   t h e  fact  t h a t   t h e   r e c e i v i n g  

antenna  has  a beam t h a t  is  f i l l e d   w i t h   t h i s  looo K r a d i a t i o n ,  I conclude 

t h a t   t h e   a n t e n n a   t e m p e r a t u r e   f o r   a n   a n t e n n a  on t h e   " s u r f a c e "   o f   J u p i t e r  

and   po in ted   toward   the   ear th  w i l l  be  100° K a l s o .  A s  t h e   v e h i c l e  moves 

o u t   t h r o u g h   t h e   b e l t s   i n   t h e   p l a n e  of t h e   e q u a t o r ,   t h e   a n t e n n a   t e m p e r a t u r e  

should  remain  constant  a t  t h i s   v a l u e ,   u n t i l  a d i s t a n c e   o f  1 . 5  t o  2.OR 

f r o m   J u p i t e r ' s   c e n t e r  is  reached.  From t h a t   p o i n t   o u t w a r d ,   t o   a b o u t  3RJ, 

the   an tenna   tempera ture   should  f a l l  r ap id ly   t o   ze ro .   Th i s   an t enna  

J 

t empera ture   increases  as t h e   s q u a r e   o f   t h e   w a v e l e n g t h   f o r  a l l  wavelengths 

longwards  from  about 5 cen t ime te r s .  

The f u l l   e f f e c t s   o f   t h i s   n o i s e   a p p e a r  a t  veh ic l e s   l ook ing  

a t  t h e   e a r t h   f r o m   p o i n t s   n e a r   J u p i t e r   ( w i t h i n  2 r a d i i   o f   t h e   c e n t e r )   i n  

t h e   e q u a t o r i a l   p l a n e .   I n  a p o l a r   o r b i t  or f ly -by ,  when t h e   v e h i c l e  is 

o v e r   t h e   p o l e s  of t h e   p l a n e t ,   t h e   s i g n a l s  from e a r t h   x i 1 1   b e   o b s e r v e d  

aga ins t   an   essent ia l ly   co ld   sky   background.  

4.2  VLF, LF, and HF wave f i e l d s  

There are no   da t a   bea r ing  on t h e   s t r e n g t h s   o f   v e r y  low 

or low f requency   e lec t romagnet ic   waves   tha t  may b e   p r e s e n t   w i t h i n   J u p i t e r ' s  

magnetosphere. I t  has  been  argued  from time t o  time that-   decametric 

emission  represents   an  analogue  to   whist ler-mode waves w i t h i n   t h e   e a r t h ' s  

magnetosphere. For many r e a s o n s   t h i s   p o i n t  of view d o e s n ' t   a p p e a r   c o r r e c t  

t o  m e .  For. t h a t   r e a s o n ,  a s  well as t h e  lack of   independent   observa t iona l  

evidence,  I s h a l l  not   a t tempt   an  estimate o f  VLF or LF f i e l d   s t r e n g t h s  

for Jup i t e r ' s   magne tosphe re .  An experiment  covering  wide  dynamic  and 

spec t r a l   r anges   ahoa rd   f l y -bys  seems c r u c i a l .  
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Estimates o f   f i e l d   s t r e n g t h  i n  r e g i o n s   n e a r   J u p i t e r ' s   d e c a m e t r i c  

sou rces  are impor t an t   no t   on ly   because   t hey   g ive   i n s igh t   i n to   t he   phys i ca l  

n a t u r e   o f   t h e   g e n e r a t i n g  mechanism. They a l so  may i n f l u e n c e   t h e   d e s i g n  of 

e l e c t r o n i c   c i r c u i t r y  on o r b i t i n g  or f l y - b y   v e h i c l e s   n e a r   J u p i t e r .   F o r   t h i s  

purpose an estimate o f   f i e l d   s t r e n g t h s   n e a r   J u p i t e r   a p p e a r s  more a p p r o p r i a t e  

than   of   equiva len t   b lackbody  an tenna   tempera ture .  

Any such estimate needs   t o   appea r   w i th  great emphasis  on 

t h e   v a r i a b i l i t y   o f   t h e   s o u r c e s  as they  are obse rved   f rom  the   ea r th .   Fu r the r -  

more ,   d i f f e ren t   spec t r a l   r anges   ( e spec ia l ly   be low 5 or 1 0  MHz) which  cannot 

be observed,  undoubtedly w i l l  p rovide  many s u r p r i s e s .   F i n a l l y ,  t h e  sou rces  

are known t o  b e   h i g h l y   d i r e c t i v e ,   w h i c h   i m p l i e s   t h a t   v e h i c l e s   t h a t  are making 

a p p r o a c h e s   n e a r b y   t o   J u p i t e r ,   i n s o f a r  as t h e y   f l y   t h r o u g h   d i f f e r e n t   l a t i t u d e  

r anges   t han   can   r each   t he   ea r th ,  may e n c o u n t e r   v e r y   d i f f e r e n t   c o n d i t i o n s  

than   t hese  estimates imply. 

All observers   agree  on a n o m i n a l   i n t e n s e   J u p i t e r   e v e n t  a t  

oppos i t ion   reaching  a f l u x   d e n s i t y   o f   t h e   o r d e r   o f  1 0  watts m Hz . 
Many even t s  are weaker; a few may be  s t ronger .   There i s  some evidence 

t h a t  some v e r y   i n t e n s e   s h o r t - l i v e d   f l u c t u a t i o n s   r e a c h  a t  t h e i r   p e a k s   t h e  

h i g h e s t   f l u x   d e n s i t i e s   o f  a l l ,  b u t   t h a t   t h e i r   a v e r a g e   o v e r   p e r i o d s   o f  many 

f l u c t u a t i o n s  work o u t   n o t   t o   e x c e e d   t h i s   n o m i n a l   e v e n t .  

-20 -2 -1 

If we a g r e e   o n   t h i s   f i g u r e ,   o u r  estimates of t h e   t o t a l  

power i n v o l v e d   i n   t h e  waves a t  t h e   s o u r c e  may s t i l l  vary  widely  according 

t o   o u r   d i f f e r e n t   i d e a s  on bandwidth   and   d i rec t iv i ty   o f   the   emiss ion .  A 

s t r o n g   e v e n t  may infrequent ly   reach  bandwidths  as l a r g e  as 10  MHz a t  t h i s  

f l u x   l e v e l .  Also , it may b e   c o n f i n e d   t o  a beam as narrow as 5 O  t o t a l  

cone   ve r t ex   ang le ,   i n  a r i g h t   c i r c u l a r   c o n e .   I n   t h a t  case, t h e   t o t a l  

radio  frequency  power  involved i s  2x10 watts. Much l a r g e r  estimates, 

as h igh  as lo1' or 10l1 watts , a p p e a r   i n   t h e   l i t e r a t u r e .  They seem t o  be 

b a s e d   o n   h e m i s p h e r i c   d i r e c t i v i t y   p a t t e r n s .  My own estimates on o t h e r  

occasions  have  been  sometimes  one  order of magnitude sna l le r  and,  on page 75, 
20 times l a r g e r ;   t h e y  were based on a narrower  assumed  bandwidth  for  these 

smaller v a l u e s ,   a n d   e x c e p t i o n a l l y   i n t e n s e   e v e n t s   i n   t h e   l a r g e r .  The p r e s e n t  

8 
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value is designed t o  b e   c o n s e r v a t i v e   i n   t h e   s e n s e   o f   r e p r e s e n t i n g   a n   u p p e r  

limit f o r  commonly observed  events .  An absolu te   upper  limit would  be  the 

4x10 e r g s  sec of   page 75. Admittedly,  10 MHz is a broad   reg ion   over  

which t o   o b s e r v e   t h i s   r a d i a t i o n  a t  as h igh  a t y p i c a l  f l u x  l e v e l  as 

16 -1 

watts m-2 H Z - ~ .  

To  come t o  a f i e l d   s t r e n g t h   i n   t h e   s o u r c e   r e q u i r e s  a know- 

l e d g e   o f   t h e   e n e r g y   d e n s i t y   o f   t h e   r a d i a t i o n ,  u. We f i n d   t h i s  from t h e  

expres s ion  U = W / c A ,  where A is  t h e  area o f   t h e   s o u r c e  on t h e   s u r f a c e   o f  

J u p i t e r .  I have  previously  computed  (Warwick, 1967) U on t h e   b a s i s   o f  

A = (10 km)* , b u t   t o d a y   r e g a r d   t h i s  as probably much t o o   l a r g e   i n  view  of 

i n t e r f e r o m e t r i c   u p p e r  limits o f  400 km on the   source   d imens ions   (Dulk ,  1969); 

t h i s  small an area a l s o   a p p e a r s   b e t t e r   t o   s a t i s f y   t h e   r e q u i r e m e n t s   o f   t h e  

v e r y   s h o r t   d u r a t i o n   m i l l i s e c o n d   b u r s t s   s o m e t i m e s   o b s e r v e d   i n   d e c a m e t r i c  

emiss ion   which ,   however ,   have   no t   been   observed   in te r fe rometr ica l ly .  With 

t h i s   v a l u e   o f  a typ ica l   sou rce   d imens ion ,  A = 1 . 6 ~ 1 0  c m  . Then 

U = 2x1015 e r g  sec '/(3x1010 cm sec x 1 . 6 ~ 1 0 ~ ~  cm ) = 4x10-l1 e r g  cm . 

4 

1 5  2 
- -1 2 - 3  

The c o r r e s p o n d i n g   f i e l d   s t r e n g t h  comes from U = Eo / 8 ~ ,  where Eo is  i n  

e . s .u .   For   the   quoted   va lue   o f  U, E = 3xlG e . s . u . ,  or about   one   vo l t  

p e r  meter. For t h e  m o s t   i n t e n s e   e v e n t s ,   t h i s   v a l u e   s h o u l d   b e   i n c r e a s e d  

2 

-5 
0 

t o   a b o u t   t h r e e   v o l t s   p e r  meter. 

To compute t h e   f i e l d   s t r e n g t h  a t  d i s t ances   f rom  the   sou rce  

requires  knowledge  of how t h e   e n e r g y   f l u x   v a r i e s   w i t h   d i s t a n c e .  A t  t h e  

e a r t h ,  w e  i n f e r   t h a t   t h e   r a d i a t i o n  moves i n   s o m e t h i n g   l i k e  a cone  of 5 O  

ver t ex   ang le .   Wi th in   t h i s   cone ,  as we move back t o   J u p i t e r ,   t h e   f l u x  

shou ld   i nc rease  as the   i nve r se   squa re   o f   t he   d i s t ance   f rom  the   sou rce   r eg ion ,  

u n t i l  w e  come wi th in   d i s t ances   f rom  the   sou rce   comparab le   t o   t he   sou rce  

dimensions, 400 km. This means t h a t   f o r   v i r t u a l l y  a l l  mission  planning 

purposes ,  it may b e   c o r r e c t   t o  assume HF f i e l d s   v a r y i n g  as t h e   i n v e r s e   o f  

(R/RJ)-l where R is t h e   v e h i c l e   d i s t a n c e   f r o m   J u p i t e r ' s   c e n t e r .  I f i n d  

t h e   f i e l d   s t r e n g t h ,  E c 1.7~10-~/[(R/R~)-ll v o l t s  m f o r   d i s t a n c e s   s u c h  

t h a t  (R - R 2 400 k i l o m e t e r s ;  a t  400 k i lome te r s  E 3 v o l t s  m-'. The 

s p e c t r u m   o v e r   w h i c h   t h i s   l a r g e   f i e l d  is d i s t r ibu ted   can   va ry   w ide ly   w i th  

time, a n d ,   e s p e c i a l l y ,   p o s i t i o n   n e a r   J u p i t e r .   F u r t h e r m o r e ,   t h e   r e l a t i v e  

-1 
0 %  

J 
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p o s i t i o n s   o f   J u p i t e r  I ( Io)  a n d   J u p i t e r  itself are v i t a l .  Other sa te l l i tes  

a l s o  may p l a y   r o l e s ,  as ye t   unde tec t ed .  

The upper limit o f   r a d i o   f r e q u e n c i e s   t o   w h i c h   t h e s e  fluxes 

a n d   f i e l d   s t r e n g t h s   a p p l y  is 40 MHz. T h i s   v a l u e   a p p l i e s   s t r i c t l y   o n l y   n e a r  

J u p i t e r ' s   e q u a t o r i a l   p l a n e ,   w i t h i n  a very f e w  d e g r e e s   o f   z e r o   l a t i t u d e .  

A t  l a t i t u d e s   g r e a t e r   t h a n  15O or 20° n o r t h  or south,   the   low-frequency 

emission  has   not   been  observed;   fur thermore,  a p r e d i c t i o n   o f  i t s  p r o p e r t i e s  

t h e r e  i s  essent ia l ly   unfounded  today .  The lower l i m i t  t o   f r e q u e n c i e s   t h a t  

have  been  observed i s  in   the   ne ighborhood  of  5 MHz. R e l i a b l e  phenomenology 

a t  t h i s   f r e q u e n c y   d o e s   n o t   e x i s t  owing t o   t h e   d i f f i c u l t i e s  of obse rva t ion  

from  ground  level .  No s p a c e   v e h i c l e   h a s   d e t e c t e d   J u p i t e r  a t  b roadcas t  

f r equenc ie s  or below,   where   the   ionosphere   cu ts   o f f   p ropagat ion   to   the  

ground  of   as t ronomica l   sources .  

R e f r a c t i o n   a n d   r e f l e c t i o n  effects  a t  VHF f requencies   and  less 

w i l l  be   very   g rea t  (as is i n d i c a t e d  by the   h igh   va lues   o f   the   f requency   quoted  

ear l ie r ) .  Absorption may be small, corresponding  to   the  long  wavelength of 

t h e s e   r a d i a t i o n s  compared  with  the  resonant   f requencies   of  ammonia and 

inethane  gases i n  microwave r e g i o n s .   T h i s   p r e d i c t i o n   s h o u l d   b e   v a l i d   i n t o  

r e g i o n s   o f   r e l a t i v e l y   h i g h   p r e s s u r e   ( s a y  a few atmospheres).  So f a r  as t h e  

magnetosphere is  concerned ,   there   appear   to   be   no   s ign i f icant   p ropagat ion  

effects even a t  low f r e q u e n c i e s .  
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5. HYDROMAGNETIC WAVE FIELDS 

Low-frequency wave f i e l d s   i n   J u p i t e r ' s   m a g n e t o s p h e r e   c e r t a i n l y  

ex is t  as a r e s u l t   o f   t h e   i n t e r a c t i o n   o f   J u p i t e r ' s   m a g n e t o s p h e r e   w i t h   t h e  

s o a l r   w i n d .  They e x p l i c i t l y  are i n v o l v e d   i n   o u r   p r e v i o u s  estimates of L- she l l  

d i f fus ion   cha rac t e r i s t i c s   w i th in   t he   magne tosphe re .  Be t h a t  as it may, 

J u p i t e r ' s   m a g n e t o s p h e r e   c o n t a i n s   o t h e r   s o u r c e s   o f   l o w - f r e q u e n c y   f i e l d s   t h a t  

are unique t o  it, a n d   r e q u i r e   s p e c i a l   d i s c u s s i o n   h e r e .  

The innermost   Gal i lean s a t e l l i t e  I o   s t r o n g l y   m o d u l a t e s  

decametr ic   emission a t   a l l  f requencies   observed  f rom  the  ground  (Wilson,  e t  

a l . ,  1968a) .   S imi la r   modula t ions   n ight   on   genera l   p r inc ip les   be   expec ted  

f r o m   t h e   o t h e r   G a l i l e a n  sa te l l i t es ,  e spec ia l ly   t he   nex t   one   ou t ,   Europa  

( a n d   t h e   t i n y  sa te l l i t e ,  Amalthea). They have,   however ,   not   been  es tabl ished 

independent ly   of  I o ' s  s t rong   i n f luence   (Wi l son ,  e t  a l . ,  1968b).  The con- 

n e c t i o n   b e t w e e n   t h e   d i s t a n t  s a t e l l i t e  and   Jup i t e r ' s   i onosphe re  l i e s ,  accord ing  

to   everyone ,   in   hydromagnet ic   d i s turbances   p ropagat ing   f rom I o  t o   J u p i t e r .  

Perhaps I s h o u l d   n o t e   t h a t   t h e   e x c e p t i o n   t o   t h e   p r e c e d i n g   s t a t e m e n t  i s  

theo r i e s   t ha t   depend  on decametr ic   emission coming  from the   immedia t e   v i c in i ty  

o f   t h e  s a t e l l i t e .  A s  the   p rev ious   sec t ion   emphas izes ,   however ,   th i s  seems 

ve ry   un l ike ly  . 

These  theories   of   hydromagnet ic   connect ions t a k e  two  forms 

represent ing   ex t remes .  On the  one  hand,  Goldreich  and  Lynden-Bell  (1969) 

and  Piddington  and Drake  (1968)  formulate  direct-current  models of I o ' s  

i n t e r a c t i o n   b a s e d  on the   "un ipo la r  dynamo" ac t ion   o f   t he   conduc t ing  s a t e l l i t e  

as t h e   r o t a t i n g   m a g n e t i c   f i e l d   o f   J u p i t e r   c u t s   t h r o u g h  it. The s o l i d  body 

o f  I o ,  a n d   t h e   m a g n e t i c   f l u x   t u b e   ( o n e   h a l f   l e a d i n g   t o   t h e   n o r t h ,   t h e   o t h e r  

t o   t h e   s o u t h )   c o n n e c t i n g  it t o   J u p i t e r ' s   i o n o s p h e r e ,   p l u s   t h e   c o n n e c t i o n  

a c r o s s   t h e   i o n o s p h e r e   f r o m   t h e   n o r t h   h a l f   o f   t h e   f l u x   t u b e   t o  i ts  sou th  

h a l f   c o n s t i t u t e  a c u r r e n t   l o o p   e s s e n t i a l l y   f i x e d  t o  I o ;  t h e   i o n o s p h e r i c   f o o t  

o f   t h i s   t u b e  moves westward a t  t h e   m g u l a r   v e l . o c i t y   c o r r e s p o n d i n g   t o   t h e  

d i f f e r e n c e   i n   a n g u l a r  rates o f   J u p i t e r ' s   r o t a t i o n   a n d  I o ' s  o r b i t a l   m o t i o n .  

On t h e   o t h e r   h a n d  E l l i s  (1965)  and Warwick (1967)   p ropose   tha t  Io  creates 

waves j u s t   b e c a u s e  it i s  a n   o b s t a c l e   t o   t h e   r o t a t i o n a l   m o t i o n   o f   J u p i t e r ' s  
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magnetosphere.   These  waves  propagate  through  Jupiter 's   magnetosphere;  

t h e i r   i n t e r a c t i o n   w i t h   t h e   i o n o s p h e r e  creates decametr ic   emission.  The 

source ,  Io ,  p r e s e n t s  a l a r g e   o b s t a c l e  of mild  conduct ivi ty   and  probably 

a l so   o f   non-un i t   magne t i c   pe rmeab i l i t y  a t  which   the   magnetospher ic   l ines  

of f o r c e  must  be t o  some d e g r e e   d i s t o r t e d .  The propagat ion away from Io  

o f   t h e   r e s u l t i n g   A l f v g n  waves may i n i t i a l l y  ' l i e  i n  a low  ampli tude  dis turb-  

ance;  a t  a d is tance   f rom Io ,  t h e  waves  must s t eepen   i n to   shocks .  

These  two  kinds of t h e o r i e s   c o n t r a s t   p a r t i c u l a r l y   i n   t h e  

time dependence  involved. The DC model i s  e s s e n t i a l l y  a s t e a d y - s t a t e  

model  except i n   t h e   p a r t s  of the   cu r ren t   l oop   nea r   t he   i onosphe re   where  

c u r r e n t   s h e e t   i n s t a b i l i t i e s  arise a t  the  gyrofrequency.  The  wave model 

i s  e s s e n t i a l l y   u n s t a b l e   i n   t h a t  waves are gene ra t ed  moving i n  aZZ d i r e c t i o n s  

away from I o ;  s t eepened  by t h e i r   p r o p a g a t i o n   i n  a compressible medium, t h e s e  

waves i n t e r a c t i n g   w i t h   t h e   i o n o s p h e r e  create the   emiss ion .  

On the  one  hand,   the  two feet  o f  Io 's  f l u x   t u b e  are s i n g l e d  

o u t  as the   source   o f   deczmetr ic   emiss ion .  On the   o ther   hand ,   decametr ic  

emis s ion   occu r s   whereve r   t he   p ropaga t ion   cond i t ions   i n   Jup i t e r ' s   i onosphe re ,  

e s p e c i a l l y   t h e   o r i e n t a t i o n   o f   t h e   l i n e s   o f   f o r c e ,   d i r e c t   t h e   r a d i a t i o n  

i n t o   t h e   e c l i p t i c   p l a n e   t o w a r d   t h e   e a r t h .  

Wave modes i n  which I o  generates   hydromagnet ic   energy l i e  

n o t   o n l y   i n  the mode t r a v e l i n g   s t r i c t l y   a l o n g   t h e   l i n e s   o f   f o r c e ,   b u t   a l s o  

i n   t h e   o b l i q u e  modes t h a t   p r o p a g a t e   i n t o  a l l  d i r e c t i o n s .  The magnetosonic 

modes  do no t   con ta in   f r ee ly   p ropaga t ing   ene rgy  (.Schmahl, 1 9 7 0 ) .  The long i -  

t u d i n a l  mode i s  i n  effect  c o l l i m a t e d ,   w h i l e   t h e   o b l i q u e  modes spread  through 

space  and are weakened  according t o  an  inverse-square law. 

The t r e a t m e n t   o f   t h e  I o  effect  a long   the   ana logy   of   the  

u n i p o l a r  dynamo r e q u i r e s   t h a t  wave effects be  negl igible .   Goldreich  and 

Lynden?Bell  observe  that  waves  moving  from I o  t o   J u p i t e r ' s  surface and 

back consume about   one   minute   for   the   round  t r ip .  Most of t h e  time is  

s p e n t   n e a r   J u p i t e r   i n   t h e   i o n o s p h e r e .   D u r i n g   t h i s  time I o  moves r e l a t i v e  

t o  a c o r o t a t i n g   p o i n t   i n   J u p i t e r ' s   m a g n e t o s p h e r e  a d i s t a n c e  54 km sec x -1 

60 sec = 3240 km, a d i s t a n c e   a b o u t   e q u a l   t o  i ts diameter ,  3340 km.  One 
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c r i t e r i o n   t o   e v a l u a t e   t h e  DC analogy i s  whe the r   Io ' s   mo t ion   du r ing   t he  

r o u n d   t r i p  i s  larger or smaller than  i ts  d i a m e t e r .   S i n c e   t h e   c r i t e r i o n  

i s  c l e a r l y   b o r d e r l i n e  it migh t   be   t ha t   t he   Io - Jup i t e r   sys t em  r ep resen t s  

a r e sonan t   r eg ion  for longi tudina l   Al fven   waves .   In   o ther   words ,   the  

wave l ike   na tu re   o f   t he   d i s tu rbance  may b e   a n   e s s e n t i a l   p a r t   o f   t h e   p r o b l e m .  

Goldreich  and  Lynden-Bell  use a d i f f e r e n t   c r i t e r i o n .  They 

a s k   f o r   t h e   r e l a t i v e   a n g u l a r   v e l o c i t y   o f   t h e  l i n e s  o f   f o r c e   p a s t   I o   t h a t  

r e s u l t s   f r o m   I o ' s   f i n i t e   r e s i s t a n c e .   A c c o r d i n g   t o   t h e i r   f o r m u l a e ,  i f  I o  

h a s   i n f i n i t e   r e s i s t a n c e ,   t h e   l i n e s   o f   f o r c e   s l i p  by it a t  - the   angu la r  rate 

o f   J u p i t e r ' s   m a g n e t o s p h e r e   r e l a t i v e  t o  I o .  If I o  h a s   z e r o   r e s i s t a n c e ,  

t h e i r   f o r m u l a   p r e d i c t s   t h a t   t h e   l i n e s   o f   f o r c e  do n o t  move r e l a t i v e   t o   t h e  

sa te l l i t e .  They show t h a t  i f  I o ' s   c o n d u c t i v i t y  i s  l a r g e r   t h a n   a b o u t  

mho cm , t h e  l a t t e r  cond i t ion  is  met. This may be smaller t h a n   t h e  -1 

actual  conduc t iv i ty   o f   Io ,   pe rhaps  much smaller. 

T h e s e   c o n d i t i o n s   c a n   b e   r e s t a t e d   d i r e c t l y   i n  terms o f   t h e  

dynamo model. If I o  r e p r e s e n t s   a n   o p e n   c i r c u i t   w i t h   r e s p e c t   t o   t h e  

ionosphe r i c   conduc t iv i ty   ac ross  i t s  flux t u b e ,   t h e n   n o   c u r r e n t   f l o w s   i n  

t h e   f l u x   t u b e ,   a n d   t h e r e  is no way f o r   t h e  s a t e l l i t e  t o   e x c i t e   d e c a m e t r i c  

e m i s s i o n   ( i n   t h e i r  model   of   the   process) .  If I o  i s  t o  create a c u r r e n t ,  

it must  produce a s h o r t   c i r c u i t   a c r o s s   t h e   l o a d   r e s i s t a n c e   r e p r e s e n t e d  by 

the   ionosphere .  

The c o n d i t i o n   t h a t   I o ' s   c o n d u c t i v i t y  i s  v e r y   l a r g e  carries 

i m p l i c a t i o n s  for the   hydromagnet ic  wave i n t e r a c t i o n s .  For example,   the  

c lass ic  d i f f u s i o n  time o f   m a g n e t i c   f i e l d   i n t o   a n   o b j e c t   o f  Io ' s  dimension 

is T %871 CJ R 2/c2,  where aI0 i s  t h e  volume c o n d u c t i v i t y   o f   I o   i n   e . s . u .  

and RIo is t h e   r a d i u s   o f  Io.  Goldreich  and  Lynden-Bell  quote mho cm-l 

or 0~0.9~10 sec ( i n   e . s . u . 1   f o r   t h e  moon. Assuming t h e  same CJ f o r   I o ,  

I f i n d   t h a t  T 168 seconds .   This   impl ies   d i f fus ion  times t h a t  may be com- 

p a r a b l e   t o   t h e   r o u n d   t r i p  AlfvGn  wave t r a v e l  time t o   J u p i t e r .  The Alfvgn 

I o   I o  
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speed   i n   Jup i t e r ' s   magne tosphe re  is  V = % /  d w w h e r e  p is t h e  mass 

d e n s i t y   t h e r e   a n d  B is t h e   l o c a l   m a g n e t i c   f i e l d   i n   g a u s s .  For  t h e   p r e -  

d i c t e d   f i e l d   n e a r   I o ,   a b o u t  0 .07  g a u s s ,   a n d   f o r   d e n s i t i e s   o f   t h e   o r d e r   o f  

1 0  p ro tons  c m  , V % 0 . 1 ~ .  A t  t h i s   s p e e d  a d i s t u r b a n c e   c r o s s e s   t o  

J u p i t e r   a n d   b a c k   i n  16 seconds.  If oI0 is l a r g e r   t h a n   t h i s   v a l u e ,   t h e n  

T could  be much l o n g e r   t h a n   t h e   r o u n d - t r i p   t r a v e l  time. 

A 

- 3  
A 

I t  is m i s l e a d i n g   t o  state t h a t  a l a r g e  enough conduc t iv i ty  

f o r   I o   r e s u l t s   i n   n o   s l i p p a g e   o f   t h e   l i n e s   o f   f o r c e   w i t h   r e s p e c t   t o   t h e  

sa te l l i t e .  If i ts  conduc t iv i ty  is  e s s e n t i a l l y   i n f i n i t e ,   t h e   l i n e s   o f  

f o r c e  w i l l  be  completely  excluded  from  Io,   and w i l l  c leave   a round  the  

sa te l l i te  as I o  moves wi th   r e spec t   t o   t he   magne tosphe r i c   p l a sma .   Th i s  

cond i t ion  was assumed t o   e x i s t  by me (Warwick, 1 9 6 7 )  , i n  my d i scuss ion   o f  

t h e   n a t u r e   o f   t h e  I o  e f fec t .  I n  a s e n s e ,   t h e   l i n e s   o f   f o r c e  do n o t   s l i p  

t h r o u g h   i n   t h i s  case, as t h e y   d o   i n   t h e  case o f  a non-conducting s a t e l l i t e ,  

bu t   bend   ex terna l ly   a round Io .  

The un ipo la r  dynamo model r e q u i r e s ,  among o t h e r   t h i n g s ,  

t h a t   t h e   m o t i o n   o f   t h e   l i n e s   o f   f o r c e   t h r o u g h   I o  create a p o l a r i z a t i o n  

f i e l d   t h a t   c a n c e l s   t h e  v x B f i e l d  of the  motion if 10 is an   open-c i rcu i ted  

con duct  or. 

There i s ,  therefore ,   ambigui ty   be tween  the   non-conduct ive  

and  non-permeable Satel l i te  which moves through  the  magnetosphere  without  

bend ing   t he   l i nes   o f   fo rce ,   and   t he   pe r f ec t ly   conduc t ive  s a t e l l i t e  which 

c l eaves  i ts  way by d i v e r t i n g   t h e   l i n e s   o f   f o r c e   o u t   o f  i t s  pa th .  A 

sa te l l i t e  s o  s u f f i c i e n t l y   c o n d u c t i v e   t h a t  it has  less r e s i s t a n c e   t h a n   t h e  

ionosphere is r e q u i r e d   t o   p r e v e n t   o p e n - c i r c u i t i n g   t h e  dynamo a c t i o n .  

But,  it cannot   be so  conduc t ive   t ha t  it d i s t o r t s   t h e   l i n e s   o f   f o r c e   a n d  

exc ludes  them  from i ts  i n t e r i o r .  The f irst  cond i t ion  i s ,  of   course ,  a 

s t anda rd   one   i n  e lectr ical  technology. The second  condi t ion i s ,  so  far 

as I know, never   important  on ea r th   s ince   t he   conduc t iv i ty   even   o f   coppe r  

is  small enough i n  comparison t o   t y p i c a l   c o n d u c t o r   d i m e n s i o n s   t h a t   t h e  

f i n i t e   f i e l d - d i f f u s i o n  time d o e s n ' t   e n t e r   t h e   p r o b l e m   o f   d e s c r i b i n g  a 

terrestrial dynamo a t  AC. f r equenc ie s .  
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To a v o i d   o p e n   c i r c u i t i n g   t h i s   u n i p o l a r  dynamo r e q u i r e s  

an I o  conduc t iv i ty  greater than  1 0  mho cm , b u t   t o   a v o i d  i ts  

d i f f u s i o n  time problems  requi res  a conduc t iv i ty  less t h a n  mho c m  . 
We s h o u l d   n o t   c o n c l u d e   t h a t  Io ' s  conduc t iv i ty  is between 1 0  and ! 

-8 -1 

-1 
-7  

A g e n e r a l   a n d   r i g o r o u s   q u a n t i t a t i v e   d e s c r i p t i o n  of t h e  

t o t a l  phenomenon is imposs ib le  a t  t h i s  time. However, a semi -quan t i t a t ive  

desc r ip t ion   i nc lud ing   bo th   t he   hydromagne t i c  wave p rocesses   and   t he  DC 

c u r r e n t  e f fec t  seems worthwhile.  The problem is t o   i n c l u d e   t h e   P i d d i n g t o n ,  

Drake,   Goldreich,   and  Lynden-Bel l   current   loop  in   the same model as t h e  

Alfvgn wave source ,   bo th   o f   these   under   cons idera t ion   of  a rea l i s t ic  range 

of  estimates o f  s a t e l l i t e  conduct iv i ty   and   permeabi l i ty .  

F i r s t ,  c o n s i d e r   t h e   c u r r e n t   l o o p s   c r e a t e d   w i t h i n  I o  by 

t h e   f i e l d   l i n e s   d r a g g e d   t h r o u g h   t h e  sa te l l i t e  as it moves r e l a t i v e   t o  

the  magnetosphere.   Figure 5 i l l u s t r a t e s   t h e   d i s t o r t i o n   s c h e m a t i c a l l y .  

The l i n e s   o f   f o r c e  are compressed on I o ' s  l e a d i n g   ( e . g . ,   w e s t w a r d )   s i d e ,  

and are expanded  on i ts  eastward  edge.  The e n e r g y   i n   t h e   f i e l d   e n h a n c e -  

ment de r ives   f rom  the   k ine t i c   ene rgy   o f  Io.  

T h i s   d i s t o r t e d   f i e l d   c o r r e s p o n d s   t o   t h e   p r e s e n c e   o f   c u r r e n t s  

f lowing   wi th in  I o .  F i e lds   gene ra t ed   by   t hese   cu r ren t s   add   t o .   t he   f i e ld  

i n d e p e n d e n t l y   p r e s e n t   t o   p r o d u c e   t h e   d i s t o r t e d   f i e l d .   T h i s   c u r r e n t   s y s t e m  

wi th in  10 flows  even i f  t h e r e  is no ex terna l ,   conduct ing   p lasma  sur rounding  

t h e  s a t e l l i t e .  The cu r ren t   f l ows   ac ross  I o  away f r o m   J u p i t e r   i n   t h e  

lead ing ,   wes tward   por t ions   o f  I o  as s e e n   f r o m   J u p i t e r ,   a n d   a l s o   i n   t h e  

t r a i l i n g ,   e a s t w a r d   p o r t i o n s .  The c u r r e n t  f b w s  t o w a r d   J u p i t e r   a c r o s s   t h e  

middle   of  Io .  The f i e l d  on t h e   l e a d i n g   s i d e   o f  I o  i s  thus  enhanced,  and 

on t h e   t r a i l i n g   e d g e   d e c r e a s e d .  

For a s a t e l l i t e  w i t h   f i n i t e   c o n d u c t i v i t y ,   t h i s   d e s c r i p t i o n  

i m p l i e s   t h a t   t h e r e  are ohmic lo s ses .   Th i s  loss of  power  occurs a t  t h e  

expense  of I o ' s  k i n e t i c   e n e r g y   t h r o u g h   t h e   f i e l d .   U n l e s s   t h e r e  i s  some 

e x t e r n a l  power source,   such as g r a v i t a t i o n a l   e n e r g y ,  Io's motion  cannot 

t h e n   b e   i n  a s t eady  s t a t e  b u t  must  always  slow down. The e f f e c t  i s ,  

however ,   for   p rac t ica l   purposes   un impor tan t   on   p lane tary  time scales. 

110 



EAST 

B O  
rv 

NORTH 

SOUTH 

\ 

I 
WEST 

1 

' i gure  5 .  The d i s t o r t e d   m a g n e t i c   f i e l d   c r e a t e d  by the   mi ld ly   conduct ing  

s a t e l l i t e  I o  moving t h r o u g h   J u p i t e r ' s   m a g n e t i c   f i e l d .  The  view 

is as I o  is seen   f rom  Jup i t e r .  The magne t i c   f l ux   dens i ty  is 

g r e a t e r  a t  the   wes t e rn   edge   o f  Io than  a t  i ts  eas t e rn   edge .  

[The f i g u r e  is similar t o  one  publ ished by Piddington  and  Drake 

(1968) I .  
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Within I o ,  t h e   m a g n e t i c   f i e l d   t h r o u g h   t h e   c e n t r a l   r e g i o n s  

e s s e n t i a l l y  i s  t h e   u n d i s t u r b e d   a m b i e n t   f i e l d  Bo. The e lectr ic  f i e l d  

s t r eng th   co r re spond ing   t o   Io ' s   mo t ion   t h rough  Bo is v B / cy  i n   e . s . u . ,  

t h rough   t he  central  r e g i o n s   o f  Io .  T h i s   c o r r e s p o n d s   t o  a c u r r e n t   d e n s i t y  
I o  0 

aIoVIo  0 
B /c. 

In t h i s   o r d e r  of magni tude   ca lcu la t ion ,  set  t h e   c r o s s -  

s e c t i o n a l  area o f   I o   t h a t  carries t h i s   c u r r e n t   e q u a l   t o  nRIo . The t o t a l  

c u r r e n t   ( f l o w i n g   t o w a r d   J u p i t e r )  i s  

2 

5 0  = ITRIo c I o  0 
- 'Io v B . 

T h i s   c u r r e n t   f l o w s   i n  a p a t h   o f   t o t a l   r e s i s t a n c e   m e a s u r e d  by (oIo RIo)-'. 

The  ohmic l o s s e s  are t h e n  IIo /aIo RIo. 2 

We now set  t h e s e   l o s s e s   e q u a l   t o   t h e  ra te  a t  which I o  sweeps 

up t h e   e n e r g y   d e n s i t y   i n   t h e   f i e l d  a t  i ts  leading   edge ,  as though  the  enhanced 

f i e l d   t h e r e  were wa i t ing   i n   space   t o   be   caugh t .  If U is th i s   energy   den-  

s i t y ,   g i v e n  by B /87r where B i s  t h e   a c t u a l   f i e l d  a t  the   l ead ing   edge ,   t hen  2 

t h e  ra te  of f i e ld   sweep ing  is 7rR v U. S e t t i n g   t h i s  power e q u a l   t o   t h e  

ohmic l o s s e s   w i t h i n   I o  as p r e v i o u s l y   e s t i m a t e d ,  w e  f i n d  

z 
I o   I o  

ITR v U =  I 2 2 
I o   I o   I o  /OIo RIo '  

Th i s   exp res s ion   r educes   t o  

B2 = (87r aIo vIo Io R / c  1 Bo . 2 2  2 

The p rev ious   expres s ion   fo r  a d i f f u s i o n  time, T - ,  fo l lows  f rom 

t h i s   e q u a t i o n  when w e  s e t  v = R / T .  Then T = ( 8 n a  nR /c  )(BO/BI2. 2u 2 
I o  Io  I o   I o  

This   can   be   rewr i t ten  T / T ~  = B //B2 where 
0 

Here T~ is  t h e  time t h a t  would b e   r e q u i r e d   f o r  B t o   d e c r e a s e   t o  Bo 
i f  I o  were suddenly t o   b e   s t o p p e d   i n  i t s  mot ion   t h rough   t he   f i e ld .  
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What happens t o   t h e   m a g n i t u d e   o f   t h e  current as a r e su l t  

of the   p re sence   o f   ex t e rna l ,   sho r t - c i r cu i t i ng   pa ths   connec t ing .one  side 

of I o  t o   t h e   o t h e r   t h r o u g h   t h e   t w o   l o n g   p a t h s   t o   J u p i t e r ' s   i o n o s p h e r e  

and  re turn?  These  represent  two p a t h s   e s s e n t i a l l y   i n   p a r a l l e l   w i t h   t h e  

previously-mentioned r e t u r n  

of Io. Which p a t h   t h e  

c o n d u c t i v i t y   o f   t h e s e   t h r e e  

l a r g e  compared  with t h a t   o f  

If it is  small, t h e  current 

pa ths   t h rough   t he   l ead ing  ar.d t r a i l i n g   s i d e  

cur ren t   fo l lows   depends  on t h e   r e l a t i v e  

p a t h s .  If t h e   i o n o s p h e r i c   c o n d u c t i v i t y  i s  

Io ,  t h e   c u r r e n t  w i l l  f o l l o w   t h e  two  long  paths .  

r e tu rns   t h rough  I o  i t se l f .  The cond i t ion  

t h a t   I o ' s   c o n d u c t i v i t y   b e   l a r g e ,  compared w i t h   t h a t  of t h e   i o n o s p h e r i c  

c i r c u i t s ,  so  t h a t   t h e   c u r r e n t   a t t a i n s   t h e   v a l u e  computed by Goldreich 

and  Lynden-Bell is i d e n t i c a l   t o   t h e   c o n d i t i o n   r e q u i r e d   t o  make t h e   c u r r e n t s  

c lose   w i th in  Io  i tself .  There is an upper limit t o   t h e   c u r r e n t   t h a t   f l o w s  

th rough   t he  long c i r c u i t   t o   J u p i t e r   a n d   b a c k ;   t h e  limit is reached when 

I o ' s   a n d   t h e   i o n o s p h e r e ' s   c o n d u c t i v i t i e s  are equal .  lfhen I o ' s  conduc t iv i ty  

e x c e e d s   t h i s   v a l u e ,   t h e   c u r r e n t s   c l o s e   w i t h i n  Io. 

For t h e s e   r e a s o n s ,  I s h a l l   i g n o r e   t h e  DC p a t h   t o   J u p i t e r  

i n   f a v o r   o f   t h e  DC loops   w i th in   Io ,   and  estimate the   ene rgy   c r ea t ed  by 

Io  i n   t h e  form  of  Alfvgn  waves. I h a v e   p r e v i o u s l y   c a l c u l a t e d   t h i s  wave 

amplitude on the   bas i s   o f   an   i n f in i t e ly -conduc t ing  satel l i te .  While t h i s  

computation still a p p e a r s   t o  me c o r r e c t   i n   p r i n c i p l e ,  it does  not   consider  

the   very   poor   conduct iv i ty   o f  Io;  t h i s   c o r r e c t i o n   l e a d s   t o  a much smaller 

wave amplitude.  Within T = 214 seconds ( = 68  seconds  x 81, and 

T = 31 seconds,  B /Bo2 = r /T = 214/31.  Therefore, B = 2.6 Bo. 2 0 

0 

i 

I set  t h e  minimum r a d i u s   o f   c u r v a t u r e   o f   t h e   c h a r a c t e r i s t i c  

Alfv6n  sine  waves  created by I o  e q u a l   t o   t h e   s i z e  of t h e   c u r r e n t - c o n t a i n i n g  

r e g i o n   r e s p o n s i b l e   f o r   t h e   B - f i e l d .   T h i s  is a na tu ra l   boundary   cond i t ion  

of  the  problem. The  wave amplitude is B = 2.6 B . The smallest r a d i u s  

of   curva ture   o f   th i s   s ine-wave  is Bo/kB where  k is the   p ropaga t ion  

cons tan t   o f   %he wave.  The r a d i u s   o f   c u r v a t u r e  is t o   b e  RIo. Then, 

0 

k = Bo/BR16. The va lue   o f   t he  wave frequency is wA = kvA  where  v 
3 A 

is the  Alfv6n  speed.  If t h e r e  are 10 p r o t o n - e l e c t r o n   p a i r s  per cm , and 

i f  Bo = 0.06 gauss, t hen  vA = 4x10 cm sec . The Alfvgnwave  per iod 

i s  0.7 seconds,  comparable to   decametr ic   modula t ion  times. 

9 -1 
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. .. . 

I s h a l l  estimate t h e  power c a r r i e d   i n   A l f v d n  waves as 

PA = vA B /8a = 4x1Ol6 watts. The ra t io  of t h i s  power t o  P 2 2 
J ,  

t h e  power d i s s i p a t e d   i n   J u p i t e r ' s   i o n o s p h e r e ,  i s  

Here CJ is J u p i t e r ' s   i o n o s p h e r i c   c o n d u c t i v i t y ,  for which I t a k e  t h e  

value  used  by  Goldreich  and  Lynden-Bell,  0.57 mho. With oIo = 10 mho cm , 
t h e n  PA/PJ = 6x10 . This   va lue  of PJ is t h e  o n e   a p p r o p r i a t e   t o   G o l d r e i c h ' s  

and   Lynden-Bel l ' s   mechanism  opera t ing   in   para l le l   to   the   one   p resented   here .  

D i s s ipa t ed  a t  t h e  rate 4 ~ l . O ~ ~  watts, I o ' s   o r b i t a l   k i n e t i c   e n e r g y  would  be 

exhaus ted   i n   abou t  10 y e a r s .   F i n a l l y ,   t h e  I o  source  of  Alfv6n waves 

undoubtedly creates d i s t u r b a n c e s   i n t o  a l l  d i r e c t i o n s .  The power i n  Alfv6n 

waves i n t e r c e p t e d   b y   a n  area on J u p i t e r   t h e   s i z e  of the   decametr ic   source ,  

s a y  400 km squa re ,  is 3x10 watts. This  estimate assumes s t r i c t l y   i s o t r o p i c  

wave emiss ion ,   bu t  is  comparable to   decamet r i c   ene rgy   r equ i r emen t s .  

-7  -1 
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These  waves  propogate  outward  from I o  i n  a l l  d i r e c t i o n s .  

It is  l i k e l y   t h a t  similar waves are created by t h e   o t h e r   G a l i l e a n  satell i tes,  

a n d   t o  a lesser e x t e n t ,  by J u p i t e r  V ,  Amalthea.  This  system'of  waves, 

t r ans fo rmed   i n to   shocks   w i th in  some nominal   d i s tance  of t h e ' s a t e l l i t e s ,  

mus t   p ropagate   sporadica l ly   th roughout   Jupi te r ' s   magnetosphere .   Dis turbances  

of t h i s  sort are i n   a d d i t i o n  t o  t h e  same k inds  of waves t h a t  are p r e s e n t  

wi th in   the   ear th ' s   magnetosphere ,   v iewed as a n   a n a l o g u e   t o   J u p i t e r ' s  

magnetosphere. 



APPENDIX 

Here is a tabulation of t he   r a t io  L/M for a number of astronomical  objects 

(angular momentum L i n  erg-sec, and magnetic dipole moment M i n  gauss-cm 1: 3 

Object 

Hoon 

Mars 

Venus 

Earth 

Jupi ter  

SUn 

A0 Star  
P 

O u r  Galaxy 

L (c.g.s.1 

1 .5~10  36 

1 . 5 ~ 1 0  39 

Le/243 

6x1040 

4x10 45 

1 . 7 ~ 1 0  48 

4x10 72 

M (c.g.s.1 

5 3x10 21 

5 8x10 23 

5 8x10 23 

8x10 25 

4x10 30 

0.35~10 33 

5x103 M, 

1 O 6 O  

L/M (c.g.s.1 

> .O . 5 ~ 1 0  15 
k 

5 2x10 15 

> 0.4~10 15 - 

0.7~10 15 

1x10~~ 

5x10 15 

1x10 14 

4x1Ol2 

c 

" 
" 

- 

Source for M 

no magnetopause 
(surface B 550~) 

Mariner 4 
(no magnetopause, 
13,000 km; B 5 3 0 ~ )  

Mariner 5 
(no magnetopause, 
10,000 h; B ~ 8 0 ~ )  

Allen ( 19 6  3 1 

This  report 

Assume surface 
f i e l d  = 1 gauss 

Surface f i e l d  of 
2,000 gauss , D, = 6Q0, 

(mass>$ = 6(mass)@ 
R:: = 2.5 R,, and 

See below 

= ( l o l o   s t a r s )  x (2x10 gm) x ( cm2> x 6'28 = 4x10 c.g.s. 33 72 
NB: LGalaxy 15 3x10 sec 

= gauss) x cm3> = 10 c.g.s. 
60 

"'Galaxy 
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. . .  

Note t h a t   t h e   r a t i o  L/M l i es  w i t h i n  a 100-fold  range  of  1 0  c , g , s , ,  

f o r  L vary ing   over  a - fo ld   range .   This   observa t ion  is of   long  

s t and ing  (Babcock , 1948) .  

15  

One hypothes is  for  t h i s   l i m i t e d   r a n g e  may be t h a t  hydro- 

magnetics of c i r c u l a t i o n   w i t h i n   r o t a t i n g   o b j e c t s   r e q u i r e s   a b o u t   t h e  same 

convect ive-element   s ize .   That   hypothesis   seems  unl ikely  s ince some of 

t h e   o b j e c t s  on t h i s  l ist may b e   s o l i d  t o  the i r   co re .   These  same o b j e c t s ,  

i .e . ,  t h e  moon and Mars, may also have much smaller magnetic moments than  

the   uppe r  limits d e r i v e d   f o r   t h e   t a b l e .  A b e t t e r   u p p e r  limit for each  of 

them,  and for  Venus, c l e a r l y  is h i g h l y   t o   b e   d e s i r e d .  

A second  hypothes is  was i n i t i a t e d  many years   ago by 

Babcock (1948)  and  Blackett   (1947).  A fundamental   property of angu la r  

momentum i n   m a s s i v e   o b j e c t s  would  be a magnetic f i e l d .   T h e i r   h y p o t h e s i s  

appears  now t o  have a much r i c h e r   e m p i r i c a l   b a s i s   t h a n  it could  have 

i n  1 9 4 7 ,   w i t h   n o t   o n l y   t h e   e a r t h ,   t h e  sun, and magnetic stars (which  owing 

t o   t h e i r   v a r i a b i l i t y   a p p e a r e d   t o   b e  its p o i n t s   o f   g r e a t e s t   d i s p a r i t y )  on 

t h e  list,  b u t  now a l s o  Venus, t h e  Moon, Mars, J u p i t e r ,  and the  Galaxy. 

E s p e c i a l l y ,   t h e  solar a n d   J u p i t e r   p o i n t s  are u s e f u l .  

A modi f ica t ion  of t h e   e a r l y   p i c t u r e  is requi red   today .  

Cosmica l   ob jec t s   con ta in   e l ec t r i ca l ly   conduc t ing   f l u ids   pe r fo rming   mo t ions  

of great   complexi ty .   These mus't d i s t o r t   a n d  modify  any  fundamental 

m a g n e t i c   f i e l d   t h a t   r o t a t i n g  matter might   in   genera l   possess ,   and  create 

v a r i a t i o n s   i n   t h e  L/M ra t io  f rom  objec t  t o  o b j e c t  on t h e  l ist .  E s p e c i a l l y ,  

t h e   e x t e r n a l   t o p o l o g y   s h o u l d   v a r y   s t r o n g l y   f r o m   o b j e c t   t o   o b j e c t .  

A comment a b o u t   t h e   s p i n n i n g   e l e c t r o n  may be  worthwhile. 

I t  posses s  a magnetic moment, s u c h   t h a t   t h e   r a t i o   o f  its angu la r  

momentum, n/2, t o   t h e  Bohr  magneton's  magnetic moment, 1-1 = ne/2mc, 

is mc/e. The numerical   value of 

x 3x10 = 5x10-8 c. g,s. 10 

(L") (e lec t ron)  
- - 

4 . 8 ~ 1 0 - l o  



I 

Whatever may b e   t h e  merit o f   t h e   h y p o t h e s i s ,  it does 

n o t  refer t o   s p i n n i n g   c h a r g e s   i n   a n y   d i r e c t  way. 

A f i n a l  comment conce rns   ro t a t ing   neu t ron  stars, 

p r o b a b l y   t h e   s o u r c e s   o f   p u l s a r   r a d i a t i o n .   T h e i r   a n g u l a r  momentum 

is about   c .g  .s . ; t h e   r a t i o   a p p a r e n t l y   e s t a b l i s h e d   a b o v e   i n  many 

a s t r o n o m i c a l   o b j e c t s   s u g g e s t s  a magnetic moment of 1 0  c . g . s .  The 

c o r r e s p o n d i n g   s u r f a c e   f i e l d  on a pu l sa r   r ega rded  as a neutron star 

w i l l  be  about 1 0  gauss .   Values   of   f ie lds   on  neutron stars sug- 

g e s t e d   f r o m   o t h e r   p o i n t s   o f  view  range  almost as high as t h i s  

31 

13 

(10’” g a u s s ,  Gold, 1 9 6 8 ) .  
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